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Methods of Joining Aluminum- Alloy 
Products 


By E. C. HARTMANN,' G. O. HOGLUND,! anv M. A. MILLER! 


American industry has never fully realized the possible 
economies that can be achieved by using the light alloys, 
particularly the aluminum alloys, as structural metal. 
There were many reasons for this, most of which are no 
longer valid. The end of the war will find fabricating 
capacity that can deliver metal in quantity, sizes, and 
high-strength alloys to meet the most ambitious program 
to use the metal in all types of transportation, architec- 
tural, structural, or other fields that can be foreseen. 
It is the purpose of the authors to make clear the many 
procedures that have become established for making 
joints in these alloys. The discussion will include the 
common practices of riveting, welding, brazing, soldering, 
and a promising new possibility, resin-bonding. These 
methods will be considered as specifically as space permits 
to provide a comprehensive picture of the subject. Addi- 
tional and more detailed information and training will be 
required to put the methods into practice, and further 
inquiry on any of the methods will be welcomed. 


RIVETING 


IVETING as a means of joining metal parts is, of course, 
R a very old art and was adapted to aluminum-alloy con- 
~ “struction from the very early days of the aluminum 
industry. The riveting of aluminum-alloy parts differs from the 
riveting of other metal structures only in material and certain 
phases of procedure. It is the purpose of this part of the paper 
to bring together present information on commercial riveting 
practices as they apply to aluminum-alloy construction. 


ALuminumM-ALLOY Rivers AND THEIR CHARACTERISTICS 


Of the numerous wrought-aluminum alloys commercially availa- 
ble today, there are five which are used commercially in the form 
of rivets for joining aluminum-alloy structures. These are de- 
scribed in the following paragraphs. 

Commercially Pure Aluminum (28). Rivets of commercially 
pure aluminum are very soft and are used only for nonstructural 
joints in construction involving the low-strength aluminum al- 
loys. They are not heat-treated either during manufacture or 
subsequently by the user but are used in an intermediate cold- 
worked temper representing the condition in which they come 
from the heading tools. They are readily driven cold and in the 
driven condition will develop an average shear strength of about 
11,000 psi. Since their use is almost entirely confined to non- 
structural joints, they will not be discussed in the remainder of 
this paper. 

A178 Alloy Rivets. This alloy contains nominally 2.5 per cent 
copper, 0.3 per cent magnesium, balance aluminum. Rivets of 
this alloy are heat-treated as the last step in their manufacture 


1 Aluminum Research Laboratories, Aluminum Company of 
America, New Kensington, Pa. 

Contributed by*the Metals Engineering Division and presented at 
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and are used without subsequent heat-treatment. They are 
driven cold and develop an average shear strength of 33,000 psi 
in the driven condition. They are readily driven in sizes up to 
3/, in. diam with ordinary equipment and can be cold-driven in 
even larger sizes, especially if suitable squeeze riveters are availa~ 
ble. Rivets of A17S are the most widely used of all aluminum- 
alloy aircraft rivets and have also been successfully used in other 
types of structures where the parts to be joined are of aluminum 
alloy 14S, 178, or 248. 

17S-T Alloy Rivets. This alloy consists nominally of 4 per 
cent copper, !/2 per cent each of manganese and magnesium, bal- 
ance aluminum. Rivets of 178 alloy are always heat-treated 
before use. Ordinarily they are heat-treated at the plant of the 
manufacturer before shipment and are subsequently reheat- 
treated by the user just prior to use in order to render them soft 
enough to be headed easily. The heat-treatment consists of heat- 
ing the rivets to a temperature of 930 to 950 F and quenching in 
cold water. The rivets are relatively soft for a period of 1 to 2 
hr after quenching, and then they harden gradually at room tem- 
perature, reaching their full strength in about 4 days. This age- 
hardening can be postponed, and the soft condition greatly pro- 
longed by storing the rivets at low temperatures immediately 
after quenching. Upon removal from the cold storage, which is 
often a simple dry-ice chamber, the rivets resume their normal 
rate of room-temperature aging. 

When used in the larger sizes, 17S rivets can be successfully 
hot-driven if heated within the heat-treating temperature range 
of 930 to 950 F and driven promptly upon removal from the heat- 
ing medium so as to obtain a quench in contact with the material 
into which they are being driven. These rivets are generally 
stronger than A17S-T rivets, but their shear strength depends 
somewhat upon the driving conditions as will be explained later. 
They have been used widely in construction of aircraft but are 
also used in general structural applications involving parts of 
148, 178, and 24S alloys. 

248-T Alloy Rivets. These rivets have a nominal composition 
of 4.5 per cent copper, 0.6 per cent manganese, 1.5 per cent mag- 
nesium, balance aluminum. They are always heat-treated be- 
fore use, using a heat-treating temperature range of 910 to 930 F, 
followed by cold-water-quenching and 4 days’ aging at room tem- 
perature. They are supplied in the heat-treated temper but 
should be reheat-treated by the user just prior to driving, in order 
to make them soft enough to be headed satisfactorily. Rivets of 
24S alloy remain soft enough for driving for only about 20 min after 
quenching if held at room temperature, so that, like 17S rivets, 
they are usually stored at low temperatures to prolong the period 
during which they can be headed satisfactorily. Typical driven 
rivets in this alloy will develop a shear strength of about 42,000 
psi after about 4 days’ aging at room temperature. These rivets 
are the strongest and most difficult to drive of the commercial 
aluminum-alloy rivets, and their use has been largely confined to 
aircraft applications. 

538-T61 Alloy Rivets. The nominal composition of this alloy 
is 0.7 per cent silicon, 1.3 per cent magnesium, 0.25 per cent 
chromium, balance aluminum. These rivets are heat-treated by 
the manufacturer before shipment and are generally driven cold 
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by the user without subsequent reheat-treatment. They are 
somewhat easier to drive than A17S-T rivets and can be upset 
cold with ordinary driving equipment in sizes up to 1/2.in. Typi- 
cal cold-driven rivets of this alloy develop a shear strength of 
about 23,000 psi. Sizes larger than !/2 in. can be driven cold, 
especially if suitable squeeze-riveting equipment is available 
Where suitable squeeze-riveting equipment is not available, how- 
ever, the rivets may be successfully driven hot by heating them 
to temperatures within the range of 960 to 1050 F, and driving 
promptly after removal from the heating medium so as to obtain 
a quench in contact with the material through which the rivet is 
being driven. The shear strength of such rivets is a function of 
the driving temperature and of the aging time after driving, as 
will be explained later. 

Rivets which are ordered specifically for hot-driving may be 
ordered as 53S-W rivets rather than as 58S-T61 rivets because 
the W temper is cheaper and gives equally good results when hot- 
driven. Rivets of 53S-T61 (and 53S-W) alloy have been most 
widely used in marine construction in conjunction with plates 
and shapes of 528, 53S, and 615 alloys because in combination 
with these they exhibit excellent resistance to salt water and other 
types of corrosive action. 


COMMERCIAL SIZES AND Typrs or ALUMINUM-ALLOY RIVETS 


Aluminum-alloy rivets are produced in the following diameters: 


1/6, 3/39, 1/s, 5/30, 3/16, 7/32) 1/4, 9/32) */16) 3/8, 7/16) 1/2) 9/16, °/s, and 


11 


. Head Head 
Kind Width | Depth | Radius 
Cc R 
1 Button Head 1.75A 0.75A 0.885A 
2 High Button 
Head*—Amer.Std.| 1.50A+ | 0.75A+ | 0.75A— 
0.031 0.125 0.281 
3 Round Head 2A 0.75A 1.042A 
4 Mushroom Head | 2A 0.625A 1.634A 
5 Brazier Head 2.50A 0.50A 1.8125A 
**6§ Modified Brazier 
Head—AN-456 
Aircratt en or eee Men ee eee ee 
7 Flat Head 2A OS40A WAR reece: 
8 Tinners’ Rivet 2.254 OBO ASF eas 
‘9 Ctsk. Head 1.81A O:SOACry I Seen 
»**10 100° Flat Ctsk. 
Head—AN-426 
Rar cratt: ah 2% Tiel Cleo aan sae ey ealis 
. fll Ctsk. Oval Head | 1.81A 0.50A 1.7656A 
$12 Ctsk. Oval Head | 1.577A |0.50A |....... 


13 Tubular Shank This rivet made with several sizes of heads. 


*The high hutton head supplied in sizes 14 inch and larger. 
tFor sizes up to and including J¢-inch diameter. 
tFor sizes 4 inch and larger. 

.**Standard Alcoa chamfer is optional. 


Fic. 1 Common Typns oF Hraps Suppiizp on ALUMINUM-ALLOY 
Be: dt Rivets 
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3/,in. Larger-size rivets can be obtained if necessary, 7/s in. and 
1 in. diam having been produced on special order. 

Various styles of manufactured heads are available on alumi- 
num-alloy rivets, as indicated in Fig. 1. Rivets may be obtained 
in a wide range of lengths. Many of the smaller sizes are availa- 
ble with a slight rounding or chamfer on the end of the shank. 


PREPARATIONS FOR RIVETING 


Rivet Holes. Rivet holes in aluminum-alloy structures may be 
either drilled, punched, subdrilled and reamed, or subpunched 
and reamed. In general, the reamed holes are much to be pre- 
ferred, especially if the reaming is done in assembly to give the 
holes exact coincidence. It has been found that bridge reamers 
of the spiral fluted type are best suited for use in aluminum alloys. 
The clearance which is to be used in the rivet holes depends 
largely on the class of work. It is easier to drive rivets, espe- 
cially those that are cold-driven, when the clearance is small. 
If a loose fit is used, it will be hard to hold the rivets straight, 
and eccentric heads may result. The best clearance is the small- 
est one which will allow the rivet to be inserted easily without 
delay and is usually about 2 to 3 per cent of the shank diameter. 
Hot rivets require slightly more clearance than cold ones because 
it is harder to handle them, and delay in inserting them in the 
holes must be minimized. 

Rivet holes tend to get out of coincidence during the driving 
operation because of slippage, swelling of the metal, and warping 
caused by heat. For this reason, the work should be assembled 
firmly by bolts before driving. The bolting should be tight to 
prevent slippage and to prevent the rivets from squeezing out 
between the parts of the joint. 

Flush-Riveting. Machine countersinking of aluminum-alloy 
plates for flush-riveting should be done with a clean sharp tool 
using a stop to prevent countersinking too deeply. It is impor- 
tant that machine-countersunk holes be free from metal chips 
and burrs, and that precautions be taken to avoid getting the 
metal chips between the faying surfaces. 

In the thinner aluminum-alloy sheets, up to about 1/5 in. in 
thickness, it is common practice in the aircraft industry to pre- 
pare the sheets for flush-riveting by dimpling instead of by 
machine countersinking. The dimpling operation consists of 
pressing a depression into the sheet and using this recess to receive 
the countersunk head of the rivet. Where two thin sheets are 
used together, both are dimpled and one is nested into the other 
before the rivet is driven. Where one thick and one thin sheet 
are used, the thin sheet only is dimpled and is nested into a 
machine-countersunk hole in the thick sheet. Fig. 2 shows a 
cross section of a typical dimpled-riveted joint in two thin sheets 
of aluminum alloy. 


Cross SEcTION OF TypicaL DimpLeD-RIvetTeD JOINT 
(1/s-in-diam rivet in 0.040-in-thick sheet.) 
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A dimpled-riveted joint has a considerable advantage in strength 
over a machine-countersunk joint. This advantage is brought 
about, of course, by the fact that a considerable portion of the 
load is transferred by the dimples themselves rather than by the 
rivet. Furthermore, the sharp cutting edge sometimes present in 
the machine-countersunk sheet or plate is not present in the dim- 
pled joint. 

Preparation of Faying Surfaces. For maximum resistance to 
corrosion, all faying surfaces in aluminum-alloy riveted joints 
should be painted before assembly. The usual procedure is to 
treat with one of the phosphoric-acid solvent compounds and 
then apply one coat of zinc-chromate primer to each of the fay- 
ing surfaces. The paint should be dry before the joint is as- 
sembled. The zinc-chromate pigment is recommended because 
it imparts a corrosion-inhibiting effect to the paint in addition to 
the ordinary covering protection. If required, a zinc-chromate- 
bearing sealing compound may be used in the joint. 


Mertuops or DrIvING 


Small Rivets. Small rivets for purposes of this discussion will 
include rivet sizes 1/, in. and smaller which are suitable for use 
with sheets and shapes up to about #/;. in. thick. This field of 
riveting is dominated by the aircraft industry and will be dis- 
cussed here almost exclusively from the standpoint of this indus- 
try. 

Practically all driven heads on small rivets are flat heads upset 
either by means of pneumatic hammers or squeeze riveters. In 
using a pneumatic hammer the usual procedure in the aircraft 
industry is to apply the hammer to the manufactured head of the 
rivet and to upset the driven head against a suitable flat bucking 
bar or block held firmly against the end of the shank of the rivet. 
An equally acceptable procedure, however, is to apply the ham- 
mer to the shank end of the rivet and hold a suitably shaped buck- 
ing bar against the manufactured head of the rivet. In fact, 
where the parts being riveted are quite stiff or likely to be dam- 
aged by the battering action of the pneumatic hammer, the latter 
procedure is to be preferred. 

Where flush surfaces are required, the usual practice in aircraft 
riveting is to insert a countersunk manufactured head into the 
countersunk hole and upset a small flat head on the shank end 
of the rivet. An equally acceptable and often preferable proce- 
dure, however, is to use some other style of manufactured head, 
insert the rivet from the nonflush side of the work, and upset the 
shank end to fill the countersunk hole. To obtain satisfactory 
results with this type of driving, however, it is necessary to leave 
a portion of the driven countersunk head protruding above the 
work and to dress this off flush. Special tools for this dressing 
operation have been devised and are commercially available. 

Many special devices and techniques have been devised in re- 
cent years to speed up and generally improve the riveting of air- 
craft structures. These developments have contributed appre- 
ciably to the remarkable showing made by the aircraft industry in 
meeting the heavy demands for production during the present 
national emergency. ‘These devices range from simple improve- 
ments in squeeze riveters for reaching locations previously inac- 
cessible, to highly developed automatic machinery which rivets 
two parts together completely, from the preparation of the hole 
to the heading of the rivet. There is little doubt that some of 
these special devices and techniques will carry over into fiélds of 
lightweight construction other than aircraft in the postwar period. 

Intermediate Sizes. The intermediate sizes of rivets for pur- 
poses of this discussion range from 1/, in to 1/2 in. diam suitable 
for joining shapes and plates ranging in thickness from 1/s to 
about 7/:,in. Generally speaking, aluminum-alloy rivets in this 
range of sizes may be driven without heating, using pneumatic 
hammers not exceeding the size corresponding approximately to 


1 to 11/,s in. bore and 6 to 8 in. stroke. For accessible locations, 
squeeze riveting is preferable to pneumatic-hammer riveting 
and should be employed if the equipment is available. 

In pneumatic-hammer riveting, the recommended procedure 
is to hold the bucking bar against the manufactured head of the 
rivet and upset the driven head with the pneumatic tool. If the 
work is not countersunk, a cone-point head of the type shown in 
Fig. 3 is recommended because it requires very much less pres- 
sure to drive than other types of heads such as the round head 
or button head. A small flat driven head of the type used in the 
aircraft industry is also satisfactory if desired. Where counter- 
sunk heads are used, a 60-deg included angle of countersink is 
recommended with the hole countersunk a little less than the 
thickness of the outside plate. In driving countersunk rivets, a 
tight rivet is usually obtained if the rivet is inserted from the non- 
countersunk side of the work and upset to fill the countersink 
with a slight excess of metal which can be removed to give what- 
ever degree of flushness is required for the particular job. 


Fia. 3 Nomrnat Dimensions OF ConE-Pornt HEAD AND RIVET SET 


Large-Size Rivets. Large-size rivets for purposes of this dis- 
cussion will be taken to mean rivets larger than '/2 in. diam, suita- 
ble for joining shapes and plates having thicknesses in the range 
of about !/,in. and over. If such rivets are to be driven without 
heating, it is usually necessary to employ squeeze riveters, a 
procedure which results in excellent rivets. Using the cone- 
point and 60-deg countersunk types of driven heads, described in 
connection with the driving of intermediate-size rivets, a squeeze- 
riveter capacity of 30 to 40 tons is required to handle the */,-in. 
size rivets in the various aluminum alloys. 

The use of squeeze riveters, of course, is limited by the accessi- 
bility of the part to be riveted and the size and reach of the 
squeeze riveters available on a particular job. Where squeeze 
riveters cannot be used, it is usually necessary to drive the 
larger sizes of rivets with the application of heat to render them 
soft enough to be upset with pneumatic hammers. 

The usual procedure of hot-driving aluminum-alloy rivets is 
to heat the rivets within the normal commercial heat-treating 
range, as indicated earlier in this paper, remove them quickly 
from the heating medium, and insert them with a minimum loss of 
time in the hole so as to obtain a quench in contact with the mate- 
rial into which the rivet is being driven. This procedure usually 
calls for an electrically heated circulating-air furnace having 
good temperature control so as to insure against under- or over- 
heating of the rivets. This further calls for having the furnace 
close to the work to minimize the time of transfer of the rivet 
from the furnace to the work. Fig. 4 shows a type of rivet heater 
recently designed and built for use with aluminum-alloy rivets. 
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Fic. 4 Type or Exvecrricatuy Heatep Crreunatrne-Arr Fur- 
NACE SUITABLE FOR Usb In Hot-Drivine ALUMINUM-ALLOY RIVETS 


Fie. 5 Type or Automatic ExvectricALLty Heatep Hot PuatTe 
SUITABLEH ror Use IN WarM-Drivinag ALUMINUM-ALLOY RIVETS 


Generally speaking, the hot-driven rivets do not develop 
quite as high shear strength as the cold-driven rivets and, of 
course, require more careful supervision to insure against faulty 
heating. The larger sizes of 17S rivets are quite difficult to drive 
and require some of the largest available pneumatic hammers 
even when properly heated and inserted in the hole with a mini- 
mum of delay. 

For 53S-T61 rivets a special “warm” driving technique has 
been developed which is often useful for the 5/s-in., °/,s-in., and 
even the '/.-in. sizes. This technique consists of heating the 
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rivets to approximately 400 F, for about 10 min or more on a 
special electrically heated, thermostatically controlled hot plate 
of the type shown in Fig. 5. The rivets at this temperature, if 
driven promptly, are noticeably easier to drive than rivets at 
room temperature and can usually be upset with the ordinary 
sizes of pneumatic hammers. This warm-driving procedure, 
however, is not recommended for A178, 17S, and 24S aluminum- 
alloys rivets. 


Drivine Toots 


The tools used for driving aluminum-alloy rivets are very 
much the same as those used in riveting other metals. Smooth 
polished surfaces are best for the parts in direct contact with the 
aluminum-alloy surfaces so that a minimum of friction is offered 
to the flow of metal during the upsetting operation. Pneumatic 
hammers should be of ample size to upset the rivet without ex- 
cessive hammering. Undersized pneumatic hammers tend to 
peen the rivet rather than upset it. Bucking bars should have 


Correct 


Incorrect 


Fic. 6 SketcH SHow1NnG INcorRRECT AND Correct Fit oF BucKING 
Toot on ManuractTurRED HEAD 
(Clearance exaggerated.) 


plenty of mass, preferably distributed close to the rivet head and 
concentric withit. The manufactured head of the rivet should be 
pressed tightly against the work during the upsetting operation. 
If this is not done, or if the bucking-up set does not have suffi- 
cient mass, the manufactured head will often be separated 
slightly from the work when the driving operation is finished. 

Regardless of whether a pneumatic hammer or a squeeze 
riveter is used, the set which is held against the manufactured 
head during the driving operation should be slightly wider and 
shallower than the manufactured head so that the initial contact 
will be at the end of the head directly in line with the shank as 
shown in Fig. 6. This practice will prevent the shank from being 
driven up into the head, thereby minimizing the tendency for the 
formation of a crack or fold at the junction of the shank and the 
manufactured head. 


‘ 


Use or Sree, Rivers in ALUMINUM-ALLOY STRUCTURES 


Steel rivets, both hot - and cold-driven, have been used success- 
fully in aluminum-alloy structures. They are stronger than 
aluminum-alloy rivets and, when hot-driven, require less pres- 
sure to drive than most of the aluminum-alloy rivets. Steel 
rivets, however, are disadvantageous in the matter of weight, re- 
sistance to corrosion, and appearance (rust stains). 

The greatest danger in the use of steel rivets in aluminum-alloy 
structures arises from the local overheating of the aluminum- 
alloy parts, resulting from the use of hot rivets. 'The usual tem- 
perature for heating steel rivets is around 1800 F, which is of 
course above the melting point of aluminum alloys. | Fortu- 
nately, the high thermal conductivity of aluminum alloys prevents 
the material surrounding a hot steel rivet from ever reaching this 
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excessive temperature. In some driving operations, however, 
especially where a large number of hot steel rivets are driven in 
rapid succession close to each other, the temperature of the 
aluminum-alloy parts around the rivets can easily be raised to a 
point where the resistance to corrosion of some of the aluminum 
alloys is decreased. These effects, coupled with the tendency for 
electrolytic attack resulting from having dissimilar metals in con- 
tact, produce a corrosion hazard that requires great care in initial 
painting and maintenance if corrosion difficulties are to be 
avoided. Tests have shown that the actual weakening effect of 
the heat on the static strength of the joint, however, is negligible 
so that if the corrosion difficulty is avoided, there is little to fear 
from the use of hot steel rivets as is evidenced by a number of 
successful applications. 

Cold driving of steel rivets is free from many of the dangers of 
hot driving. The only hazards to avoid are excessive driving 
pressures which may distort the aluminum-alloy parts and the 
tendency for electrolytic corrosion which, uncomplicated by the 
effect of heat, is not so serious as in the case of hot steel rivets 
and can be avoided by reasonable protection and maintenance. 
In the use of cold steel rivets, it is recommended that the rivets 


TABLE 1 AVERAGE ULTIMATE SHEAR STRENGTHS FOR DRIVEN 


RIVETSa 
Driving Shear strength, 
Rivet procedure psi 

28 Cold, as-received 11000 
A17S-T Cold, as-received 33000 
178-T Cold, as-received 39000 
178-T Cold, immediately 340006 

after quenching 
248-T Cold, immediately 420005 

after quenching 
53S8-T61 Cold, as-received 23000 
178-T Hot, 930 to 950 F 330005 
53S-W Hot, 960 to 1050 F 180006, 


a These values are for rivets driven with cone-point heads. Rivets 
driven with heads requiring more pressure may be expected to develop 
slightly higher strengths. 

+» Immediately after driving, the shear strengths of these rivets are about 
75 per cent of the values shown. On standing at ordinary temperatures 
they age-harden to develop their full strengths, this action being completed 
in about 4 days for 17S-T and 24S-T rivets and in about 2 weeks for 53S-W 
rivets. ~ 

c This shear strength is for rivets driven at temperatures of 960 to 980 F. 
The shear strength increases about 1000 psi for each increase of 12 deg F 
in driving temperature. Thus, if the driving-temperature range is care- 
fully maintained at 1030 F to 1050 F, an average shear strength of 24,000 
psi will be developed in the driven rivets. 


TABLE2 TYPICAL TENSILE AND BEARING PROPERTIES OF ALUMINUM-ALLOY PLATE 
AND SHAPES 
——_—_ Bearing properties 
Edge distance = 1.5 Edge distance = 2 
-—Tensile properties— -—Rivet diameter—. ——Rivet diameter—. 
Yield@ Ultimate Yieldd Ultimate Yield® Ultimate 
strength, strength, strength, strength, strength, strength, 
Alloy psi psi psi psi psi psi 
2S-O 5000 13000 10000 21000 12000 27000 
28-1/4H 13000 15000 18000 23000 21000 29000 
2S-1/2H 14000 17000 20000 25000 23000 31000 
28-8/,H 17000 20000 23000 28000 26000 34000 
2S-H 21000 24000 27000 31000 32000 38000 
38-0 6000 16000 12000 25000 5000 34000 
38-1/4H 15000 18000 21000 27000 24000 36000 
3S-1/2H 18000 21000 24000 30000 29000 38000 
38-3/4H 21000 25000 28000 34000 33000 42000 
3S-H 25000 29000 32000 38000 38000 46000 
148-W 40000 62000 56000 93000 64000 118000 
148-T 60000 _ 70000 84000 105000 96000 133000 
178-T 40000 62000 56000 93000 64000 118000 
248-T 46000 68000 64000 102000 74000 129000 
Alclad 245-T 43000 64000 60000 96000 69000 122000 
24S-RT 57000 73000 80000 110000 91000 139000 
Alclad 24S-RT 53000 67000 74000 100000 85000 127000 
528-0 14000 29000 25000 46000 30000 61000 
528-1/4H 26000 34000 37000 54000 42000 71000 
52S-1!/2H 29000 37000 41000 59000 47000 78000 
528-3/4H 34000 39000 47000 62000 54000 82000 
52S-H . 36000 41000 50000 66000 58000 86000 
53S-W 20000 33000 28000 53000 32000 69000 
53S-T 33000 39000 46000 62000 53000 82000 
61S-W 21000 35000 29000 56000 34000 73000 
618-T 39000 45000 55000 72000 62000 94000 


2 Tensile yield strength is the tensile stress which produces a permanent set of 0.2 per cent of the initial 
gage length (American Society for Testing Materials, Standard Methods of Tension Testing of Metallic 


Materials (E 8-42)). 


b Bearing yield strength is the bearing stress which produces a permanent set of 2 per cent of the rivet-hole 


diameter. 


be slow-cool-annealed before use, to make them as soft as pos- 
sible, and that types of heads such as the cone-point head or 
small flat head be driven which do not require excessive pres- 
sures. A minimum edge distance of 2 times the rivet diameter 
is recommended to avoid ‘‘scalloping”’ of the edge of the work. 


Special RIVETS AND RIVETING TECHNIQUES 


There are available at present a number of special types of 
rivets, often called ‘‘blind” rivets, which can be driven from one 
side of the work, thus permitting riveting in locations which 
are accessible from only one side. Some of these special rivets are 
of steel and some are of aluminum alloys, but both types have 
been employed successfully in aluminum-alloy construction. 
Many of these rivets, in addition to their blind-driving advan- 
tages, also offer the advantage that they can be driven very 
rapidly with only one workman instead of two or three. Many 


TABLE 3 REDUCTION IN SHEAR STRENGTH OF ALUMINUM- 
ALLOY RIVETS, LEE S TTS Wear dios USE IN THIN PLATES 
D f 


Ratio of rivet 
diameter to 


——Per cent loss in shear strength— 
plate thickness,? 


Single shear Double shear 
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@ Thickness of thinnest plate in single-shear joint. 
Thickness of middle plate in double-shear joint. 
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of these special rivets have been developed in recent years in 
connection with aircraft construction, and hence are available 
at present only in the smaller sizes, but the alert engineer will 
watch these developments with interest because their use will 
doubtless be extended in the future. 


DesIGn OF RivreTrep JOINTS 


The design of riveted joints in aluminum-alloy structures 
follows in general the pattern familiar to all engineers. The 
principal differences of course lie in the shear strengths of the 
rivets themselves and in the bearing strengths of the aluminum- 
alloy shapes and plates in which the rivets are driven. There- 
fore this section of the paper will consist primarily of the tabula- 
tion of these various strength values as shown in Tables 1 and 2. 

Numerous experiments have shown that when a rivet is used 
in conjunction with a relatively thin plate, the plate has a tend- 
ency to cut into the rivet and cause an apparent lowering of 
the shear strength of the rivet. The percentage reduction in the 
shear strength from this cause differs, depending upon whether 
the rivet is in single shear or in double shear. Table 3 shows the 
percentage reduction in shear strength of aluminum-alloy rivets 
resulting from their use in thin plates and shapes. These percent- 
age reductions are applicable to the average shear strengths 
shown in Table 1. 

Rivets in general, including aluminum-alloy rivets, are not 
well suited for transmission of direct tensile loads. This is espe- 
cially true where there is a prying action of the head of the rivet. 
For this reason, rivets are not ordinarily used in joints where the 
primary load is a direct tensile load on the rivets, bolted joints 
being much preferred for this type of service. 

Experience has indicated that structures subjected to repeated 
loads sometimes fail in fatigue at lower stresses than would be 
expected under steady load. Such fatigue failures are often 
associated in some way with the joints in the structure, be- 
cause the joints usually represent points of weaknes sboth from 
the standpoint of reduced section of the members and from the 
standpoint of stress concentration. In a riveted structure, a 
shear-fatigue failure of a rivet is very seldom encountered, be- 
cause there seems to be a much greater tendency for tensile- 
fatigue fracture of the shapes and plates starting at the rivet 
holes. These tensile-fatigue fractures result from the fact that 
the rivet holes, like other discontinuities that may be present in a 
structure, produce concentrations of stress which have little or 
no effect on the strength of the structure under steady load but 
which cause cracks to start under many repetitions of load. 

The design of a joint to resist fatigue action is complicated by 
the many factors involved, such as, the magnitude of the aver- 
age stress, the degree of stress concentration, the fatigue strengtb 
of the material, the relation of the steady stress to the variable 
stress, the number of repetitions of stress, and the type and ar- 
rangement of rivets. This problem has been under investiga- 
tion for a number of years at Aluminum Research Laboratories, 
and a few general observations based on this investigation may be 
helpful: 


1 An open hole generally reduces the fatigue strength of the 
structure more than one well filled with a rivet, and a rivet carry- 
ing stress generally has a greater effect than a stitch rivet. 

2 Hot-driven steel rivets reduce the fatigue strength of a 
structure more than cold-driven steel rivets or than hot- or cold- 
driven aluminum-alloy rivets. 

3 Lap joints reduce the fatigue strength of a structure more 
than butt joints with double straps. This greater effect seems 
to be associated with the greater flexing which occurs in the lap 
joint. Any stiffening of the lap joint to prevent undue flexing 
under repeated loads tends to improve the fatigue characteristics 
of the joint. 
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WELDING 


On the basis of the definition that welding is a localized con- 
solidation of metals, the aluminum alloys can be assembled by 
all of the commercial processes. All of the basic conceptions of 
welding, i.e., gas welding, arc welding, resistance welding, and 
brazing, have been developed in the form of commercial proce- 
dures for welding these alloys. The technique is essentially 
similar to that used for other metals, but in so far as the metal- 
lurgy of welding aluminum is different the procedures must be 
adjusted accordingly. 

Special methods for welding heavy or thin sections and for 
mechanizing welding operations have not yet been completely 
worked out for these alloys. However, many new applications 
have been developed during the war, particularly in the resist- 
ance-welding and brazing fields, and much wider use of the weld- 
ing processes is anticipated after the war. A typical example is 
the fusion-welding of aluminum without using a flux at speeds 
and soundness equal to or greater than can be obtained with 
present-day commercial procedures. Permission to describe the 
technique fully cannot be obtained for the time being, although 
its feasibility has been demonstrated beyond question. 


Gas WELDING 


The oldest welding process for assembling aluminum alloys is 
gas welding in which regulated mixtures of oxygen and hydrogen 
or oxygen and acetylene are used as a source of welding heat. 
Extensive investigations have shown that there is little difference 
in strength, soundness, or other characteristics in welds made 
with either gas. Other welding gases, such as mixtures of oxygen 
and natural gas, air and natural gas, or oxygen and propane de- 
rivatives, have been investigated for gas-welding aluminum. For 
these, the results have shown good soundness and strength, but 
the speed of welding is less. 

Gas welding is used for assembling parts in a thickness range 
from 0.025 in. up to about lin. Parts thinner than 0.025 in. can 
sometimes be welded, but the operation requires a delicate touch 
and a skilled technician to make good joints. On heavy metal, 1 
in. or over in thickness, the welding heat is conducted away from 
the joint so rapidly because of the high thermal conductivity of 
aluminum that it is difficult to establish uniform melting condi- 
tions and, consequently, the soundness of joints is not good. 

Another factor of importance when gas welding is choice of 
alloy. The choice of the best alloy for a specific application may 
be dictated by other considerations than weldability. The 
alloys to be mentioned have been established by general usage as 
the most weldable materials. These alloys include commercially 
pure aluminum, aluminum-manganese, aluminum-magnesium, 
and aluminum-magnesium-silicide-type alloys. As a class, alloys 
of these types have a narrow melting range which permits mak- 
ing welds with greater freedom from cracks when the work cools, 
more rigid jigging of the parts and better control of the welding 
operation to get maximum strength and soundness. The alumi- 
num-copper alloys, as a group, have poor weldability in that more 
troubles from cracking are experienced as the welds cool. The 
ductility in the transition zone of the weld and parent metal is 
also low. In addition, alloys of this group generally obtain their 
maximum strength from heat-treatment operations, and the 
effect of welding heat on the heat-treated structure is a lowering 
of strength, and in many cases the resistance to corrosion is ad- 
versely affected. These remarks apply specifically to gas- 
welded joints and are not so significant when considering are 
welding or resistance welding. 

The preparation of joints for gas welding is similar to that used 
for other materials and is specifically illustrated in Figs. 7 and 8. 
Penetration of filler metal can be attained by the welder on mate- 
rial up to %/;5 in. thick without preliminary preparation of the 
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Flange Joint—Gauges up to 0.064" 


No Preparation 


Butt Joint—Light Butt Joint (Notched) 
Gauge up to 0.057" 0.057" to 0.1875" 
Notches Made With Cold Chisel Approx. 4g" Deep and %._" Apart 


Fig. 7 Preparation oF Burr Joints ror TorcH WeEtLps; THIN- 


Gace MATERIAL 


ae 
Butt Joint (Single Vee) 90 to 120 
0.188" and up 


Butt Joint (Double Vee) 
Alternate to above for 
Gauges 0.438" and up 


Notches Made With Cold Chisel Approx. 145" Deep and %." Apart 


Fig. 8 PREPARATION OF Buttr JoInTs FoR TorcH WetLps; THICK- 


Gace MATERIAL 


joint, but on heavier metal it is necessary to prepare the joint by 
veeing. 

The design of jigs and fixtures which permit the parts to ex- 
pand or contract during and after the welding operation without 
putting a stress on the joints is particularly important when gas- 
welding aluminum parts, in view of the fact that practice has 
shown that expansion and contraction when welding aluminum 
is roughly twice that experienced when welding the ferrous met- 
als. This factor is particularly important when welding frame 
structures made from aluminum-magnesium-silicide alloys. It 
is often sufficient to place the jig clamps 6 in. or more away from 
the weld location. Another phase concerns the use of frequent 
tacks in assembling the parts. It is standard practice to tack- 
weld metal up to !/,. in. thick at intervals of 1 to 2 in. This 


combined with accurately aligning the abutting edges of butt 
joints will permit making welds in flat-sided vessels with little 
or no permanent distortion. 

On heavy metal, the spacing of the tack welds is usually in- 
creased to not over 9 to 12 in. It is desirable also in designing 
welded parts to place welds on a crowned surface or a radius 
ratherthan on a flatsurface in orderto obtain minimum distortion 
in the finished part. On metal more than 3/; in. thick, it is some- 
times desirable to weld in a vertical plane using two welders, one 
on either side of the joint. The speed of welding is increased by 
this procedure which is carried out by laying down a bead on one 
side of the section about 6 in. ahead of the operator welding on 
the other side. 

Welding equipment in the form of regulators, hose, torch, and 
goggles is similar to that used for other metals, and no further 
mention need be made here. The size of tip orifice is a function 
of metal thickness, and Table 4 is included as a guide. Practi- 
cally all aluminum gas welding is now done with a flux to break 
up the oxide coating on the metal surface. These fluxes are 
composed of mixtures of chlorides and fluorides which melt at the 
welding temperature and act to permit smooth coalescence of the 
molten parent metal with the filler metal. Fluxes are usually 
supplied in powder form and are mixed with water to make a 
thin paste. This is applied to the joint by brushing and to the 
filler wire by dipping into the paste. 

Residual flux deposits on the joints after welding will, in the 
presence of moisture, attack the base metal. Thorough cleaning 
therefore is important and is especially necessary on parts that 
are to be painted, as the presence of flux will contribute to loosen- 
ing the paint coatings over the welds. Several cleaning methods 
are used, depending on the size and shape of the parts to be 
welded. If both surfaces of the welds are accessible, the cleaning 
can be done with a fiber brush in boiling water. Large chemical 
tanks of a size beyond the capacity of available dip tanks are 
cleaned by scrubbing the joints with a brush and hot water and 
rinsing with a stream of fresh water. 

Parts such as airplane gasoline tanks, beer barrels, and other 
enclosed vessels usually have the joints located so that mechani- 
cal loosening of the flux deposit is not feasible. In thése cases 
an acid dip is used, the part being immersed in dip tanks so that 
the acid contacts both the inside and the outside. Immersion 
in cold 10 per cent sulphuric acid for 30 min, or in 5 per cent sul- 
phuric acid held at 150 F for 5 to 10 min is frequently used for 
flux removal. Immersion in cold 10 to 50 per cent nitric acid for 
10 to 20 min is also used. In either case, the acid dip must be 
followed by rinsing in hot or cold clean fresh water. A corrosion 
inhibitor in the form of 5 per cent sodium or potassium dichro- 
mate is sometimes added to the rinse water and has a beneficial 
effect, particularly on gasoline tanks. Certain commercial 
cleaning preparations have also been found satisfactory for the 
removal of flux. 

It is sometimes desirable to remove the welding flux and ob- 
tain a uniform etched finish in the same operation. This can be 
done by immersing the part for 10 to 15 min, depending on the 


TABLE 4 APPROXIMATE SIZE OF TIPS AND RELATIVE GAS PRESSURES USED IN WELD- 
ING ALUMINUM OF VARIOUS THICKNESSES 


Oxyhydrogen 


Las : Oxyacetylene— —_~ 
Metal, Diamet or Diameter 
thickness of orifice Oxygen Hydrogen of orifi-e Oxygen Ac tylene 
B.&S. in tip, pressure, pressure, in tip, pressure, pressure, 
gage in. psi psi in. psi psi 
24-22 0.035 1 1 0.025 1 1 
20-18 0.045 1 if 0.035 1 1 
16-14 0.065 2 1 0.045 ve 2 
° 12-10 0.075 2 1 0.055 3 3 
1/g—3/16 0.095 3 2 0.065 4 4 
/4 0.105 4 2 0.075 5 5 
5/16 0.115 4 2 0.085 5 5 
3/3 0.125 5 3 0.095 6 6 
5/8 0.150 8 6 0.105 7 7 


(0/2) 
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TABLE 5 DATA FOR GAS WELDING TANK STRUCTURES 


Diameter Wire Wire per Flux per Rate of 
s of tip, diameter, 100 ft, 100 ft welding, 
Thickness, in. Gas used in, in. lb lb fph 
Vig Oxyhydrogen 0.055 0.125 6.0 2.0 12.0 
1/3 Oxyhdyrogen 0.075 0.146 12.5 3.0 10.0 
1/4 Oxyacetylene 0.075 0.184 20.0 5.5 8.0 
3/3 Oxyacetylene 0.095 0.184 30.0 10.0 6.0 ° 
1/4 Oxyacetylene 0.095 0.250 35.0 15.0 3.5 
3/3 Oxyacetylene 0.105 0.312 40.0 18.0 3.5 


amount of etching that is desired, in a solution of 10 per cent 
nitric acid and 0.25 per cent hydrofluoric acid. (The bath tank 
and the cold-water tank should be constructed of wood, cypress 
preferred, calked with an asphalt-base calking compound, and 
painted inside and outside with 4 or 5 coats of short-oil phenolic 
resin varnish or acid-resistant material.) After draining the acid 
completely from the part, it should be immersed in cold water. 
This is followed by a hot-water rinse in which the time of immer- 
sion should not exceed 3 min, or staining of the etched surface 
may result. 

The equipment for removal of welding flux by dipping should 
be large enough to permit the part to be totally submerged. 
Rocking or changing the position of the part in the tank is de- 
sirable since it sets up small currents which aid in preventing gas 
pockets and in obtaining uniform action of the solutions. Where 
steam is used for heating, it should be applied through closed 
heating coils. When racks are required, contamination of the 
acid bath can be prevented if they are of aluminum; wood -or- 
dinarily is not suitable as it soaks up a considerable amount of 
the acid, contaminating the rinse water used in subsequent opera- 
tions. Periodic checking of acid is required to determine con- 
centration changes resulting from building up of flux content. 

The proper choice of filler wire is based upon the alloy being 
welded. Commercially pure aluminum and aluminum-manga- 
nese alloys are usually welded with commercially pure aluminum 
wire or with narrow strips of material cut from the parent mate- 
rial. Magnesium or magnesium-silicide type aluminum alloys 
are also welded with commercially pure wire, or with a 5 per cent 
silicon-aluminum-alloy wire which has found a wide range of 
application. The advantage of the latter composition for weld- 
ing these alloys is that the addition of silicon lowers the freezing 
temperature and broadens the solidification-temperature range. 
This prevents setting up of stresses from contraction resulting 
from solidification and cooling of the weld metal. Consequently, 
less cracking occurs in the critical-temperature range just below 
the freezing point as the weld cools. The corrosion resistance of 
welds made with this alloy has been found to be adequate for 
practically all parts that are subjected to atmospheric exposure. 
The corrosion resistance to specific chemicals is sometimes less in 
welds made with this alloy than in the parent material and cases 
of this kind should be investigated before welding to determine 
past experience with the chemical or by making tests. 

Automatic equipment, using the gas torch as a source of weld- 
ing heat, has been developed and used on a production basis. 
The procedure involves clamping the parts over a grooved graph- 
ite back-up strip. Pneumatic- or hydraulic-operating jaws are 
provided to hold the parts in intimate contact with the back-up 
strip. A jaw spacing of 1!/, in. to 15/s in. has been found suitable 
for metal from 0.040 up to !/s in. thick. Heavier material has 
not been welded with the gas torch, and experience would indi- 
cate that the automatic are is superior to the torch for heavy 
metal. 

Welding heat is supplied from a multiple-orifice tip with six to 
eight flames arranged to preheat and melt the abutting edges. 
Expansion of the aluminum in the welding operation is sufficient 
to provide a slight upset at the weld, and no filler metal need be 
added. Welds of this type are dressed by hammering after 
welding. The welding torch is usually mounted on a standard 


Fie. 9 Guacrat-Acretic-Acip STORAGE TANKS 


Fabricated and field-erected for 


(3-15 ft diam X 30 ft high; 
Weight each tank, 18,400 lb.) 


Niacet Chemical Co., Buffalo, N. 


38 alloy. 
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automatic cutting machine and speeds vary from 16 to 32 ipm, 
depending on the thickness of the metal and the adjustment of 
gas to the welding tip. 

The strength of gas welds in aluminum alloys is a function of 
the alloy and temper of the metal being welded. The nonheat- 
treatable alloys are fabricated in various tempers, depending on 
the amount of cold work applied in fabricating the material or 
forming the part. Reerystallization or annealing occurs in these 
materials at temperatures in the neighborhood of 600 to 700 F, 
which results in lower tensile and yield strength and higher duc- 
tility. As all gas-welding operations involve a zone near the 
weld in which the temperature has exceeded the annealing range 
it follows that the strength across butt welds in these alloys is the 
strength of the annealed material. For example, in commercially 
pure aluminum, the tensile strength across a butt weld can be 
counted on to exceed a minimum of 11,000 psi and, in aluminum- 
manganese alloys, a minimum of 14,000 psi on the standard re- 
duced-section tensile test, established by the American Welding 
Society. 

The aluminum-magnesium-silicide type alloys obtain maxi- 
mum strength by a heat-treatment operation in which the metal 
is raised in temperature until the constituents are placed in solu- 
tion and quenched to retain them. The application of welding 


heat to these alloys affects the heat-treated structure. Without 
exception, the strength is lower. Gas-welded butt joints in the 
aluminum-magnesium-silicon-chromium alloys will have a 


strength in excess of 22,000 psi. Reheat-treatment of the part 
after the welding operation can be done and the strength raised 
to over 35,000 psi. 

Specific information on temperature, quenching time, and ag- 
ing practices will be supplied on request, and further space will 
not be devoted to this subject here. 

Gas welding is frequently used for assembling tanks. Struc- 
tures of this type, up to 30 ft diam X 30 ft high, have been erected 
in the field and are illustrated in Fig. 9. The approximate cost 
of welding operations, and the welding supplies required for such 
structures can be estimated by reference to Table 5. These data 
are compiled as a function of the thickness of the material welded 
and represent shop conditions rather than closely controlled 
laboratory conditions. 

As rates for welders differ in various localities, the data are 
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TABLE 6 ELECTRODE SIZE AND MACHINE SETTING FOR METAL- AND CARBON-ARC 
WELDING OF ALUMINUM 


Metal Electrode Approximate 
thickness, diameter, current, 
in. in. amperes 
0.081 1/s 60 
0.101 1/3 70 
0.125 1/3 80 
0.156 1/3 100 
0.187 5/30 125 
0.250 3/i6 160 
0.375 3/16 for laps and fil- 200 
lets 1/4 for butts 
0.500 3/16 for laps and fil- 300 


lets 1/4 for butts 


shown in the form of feet per hour rather than the cost per foot. 
The rate of welding of course depends on the experience of the 
individual welder, and the data listed are based on what an aver- 
age man, who has had previous experience in welding aluminum, 
should attain. The rate given covers only actual welding opera- 
tions and does not include the time necessary for jig assembly, 
setting up the work, or the preliminary edge preparation, such as 
veeing or notching. These operations vary considerably, de- 
pending on the particular job and must be considered separately. 

Discussion of the qualification procedure and specifications for 
welding will be taken up after a description of the arc-welding 
processes on aluminum. 


Arc WELDING 


The aluminum alloys are welded with several arc-welding pro- 
cedures, namely, the metal are, carbon arc, carbon torch, tung- 
sten arc, atomic hydrogen, automatic, and semiautomatic car- 
bon are. Of these, the process of greatest commercial impor- 
tance is the metal arc. 

All of the are-welding processes have the advantage that a 
comparatively large amount of energy can be concentrated in the 
weld zone. This is relatively of more importance in the case of 
the aluminum alloys than in the case of the ferrous metals be- 
cause the effects of the welding heat can be confined to a narrow 
area. For example, the amount of distortion that occurs during 
and after a welding operation is much less than when gas welding 
is used, because the total expansion is confined to the narrower 
heated zone. Metallurgical changes in the parent-metal struc- 
ture are also confined in extent when are welding. The rate of 
welding is increased and less edge preparation is required. All 
of these factors are important from the standpoint of reducing 
cost, and it seems apparent that wider use of the arc-welding 
methods can be expected. 

Metal-Are Welding. Metal-are welding of aluminum alloys is 
done with the same equipment and general technique that are 
commonly used in the welding industry. Standard direct- 
current motor generator sets are suitable for welding these alloys. 
Alternating-current welding equipment of the type that super- 
imposes a high-frequency current on the welding circuit also 
makes good welds. The standard alternating-current welding 
sets, however, do not maintain a steady are when welding alu- 
minum and are not suitable for such work. 

The capacity of the equipment and the electrode size are de- 
termined by the thickness of the material being welded. Table 6 
contains suggested sizes of electrodes and current required for 
welding. The proper polarity is determined by trial on the parts 
to be welded. 

Metal-are welding is used for butt welding metal from 0.081 in. 
thick and thicker. No upper limit on thickness exists, and 
sound welds have been made in plate 2 in. thick. Fillet or lap 
welds can be made on °/,9-in.-thick and thicker metal. It is 
difficult to control the operation to prevent melting through the 
underlying part on metal that is thinner. 

An additional factor of importance in this connection is the 


Number of passes Electrode consump- 


Lap and _ tion, lb per 100 ft Electrodes 
Butt fillet Butt Lap Fillet per lb 
1 1 4.7 5.3 6.3 32 
1 1 5.0 5.7 6.3 32 
1 1 5.7 6.25 6.3 32 
i! 1 6.3 6.5 6.5 32 
1 1 8.7 9.0 9.0 23 
I 1 12:20) 12:30 12.0 17 
2 3 25.0 29.0 35.0 17 
3 3 35.0 35.0 35.0 17 


soundness of metal-are welds. Because of the high thermal con- 
ductivity of aluminum, the welded metal freezes very rapidly. 
When welding thin material, gas may be entrapped in the joints. 
Improved soundness can be attained by preheating the parts at 
temperatures from 400 to 600 F. Such preheating is always 
necessary to make liquid- or gas-tight joints in metal up to !/, in. 
thick. 

All metal-are welding is done with heavily coated electrodes. 
The coating consists of fluxing ingredients that break down the 
oxide coating on the metal and stabilize the are. Most of the 
coating materials are hygroscopic and exposure of the electrodes 
to atmospheric moisture results in excessive spatter during weld- 
ing and a porous weld structure. This condition can be pre- 
vented and moist electrodes reclaimed by baking them for sev- 
eral hours at 250 to 300 F. 

Electrodes contain a core wire of either commercially pure 
aluminum or 5 per cent silicon-aluminum alloy. Specifications 
and electrode requirements and tests are shown in AWS-ASTM 
Tentative Specification No. B184-43T. These electrodes are 
suitable for all structural and general welding. 

Edge preparation is simple for are welding. Butt welds in 
metal up to !/, in. thick need no special preparation. Heavier 
material is prepared with a 60 to 90-deg vee to within 1/, in. of 
the bottom of the section. Metal up to !/2 in. thick can be butt- 
welded without edge preparation if the welds can be made from 
both sides of the section. 

Butt welds in the aluminum alloys pre made by controlling the 
penetration bead with a copper or steel back-up strip that is 
grooved under the joint. A smoother penetration bead is ob- 
tained if the back-up strip is thinly coated with flux. 

Arc-welding fluxes are similar to gas-welding fluxes in that 
complete removal of the slag must be accomplished after welding. 
The procedure is the same as that described for gas welds, except 
that a preliminary chipping or wire-brushing operation is usually 
applied after welding to remove the brittle crust of slag on the 
welds. 

Carbon-Arc Welding. The carbon-are process is widely used 
for welding aluminum-alloy parts and is superior to the metal 
are for many applications. The procedure is carried out manu- 
ally or automatically. In the manual operations, it is possible 
to make butt welds in thinner material than with the metal arc, 
and the commercial range of application is for metal from 0.040 
to 3/s in. thick. Suggested values of welding current and elec- 
trode size are shown in Table 6. Sound welds can be made in 
this thickness range without preheating the parts, although pre- 
heating will speed up the welding operation. 

The filler rod is fed in separately for carbon-are welding. 
Flux is applied to the filler metal by dipping the rod in a mixture 
of flux and water and drying the coating thoroughly before weld- 
ing. Metal arc-welding electrodes are frequently used for this 
purpose. It is more economical, however, to apply a thinner 
coating of filler metal which works just as well from the welding 
standpoint and results in more feet of weld per pound of rod than 
is the case when using metal arc-welding electrodes. 
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TABLE 7 DATA FOR AUTOMATIC CARON INTS OF ALUMINUM ALLOYS (BUTT 


Wire 

Current, Are size, 
Thickness, in, amperes voltage in. 
0.188 310 35 5/32 
0.250 360 36 5/30 
0.312 380 38 W/4 
0.375 390 38 W/4 
0.500 410 39 Vy 


The carbon arc has also been adapted to automatic welding, 
particularly for large-type structures such as tank cars. Equip- 
ment has been developed for metal from */;5 up to 3/4 in. thick. 
The advantages of automatic welding are increased welding 
speed and substantially less distortion in the parts. 

Control of the arc is accomplished by using a superimposed 
alternating-current field around the carbon electrode. The 
parts to be welded are clamped in a jig over a copper or steel 
back-up strip and flux is applied in powder form with a mechani- 
cally driven flux feeder. Filler wire is fed mechanically into the 
joint. Machine-setup variables depend upon the thickness of 
the metal. Table 7 shows suggested machine settings for various 
thicknesses. 

The carbon arc is also used in a semiautomatic welding proce- 
dure. The technique and equipment are similar to that used for 
manual welding, but the carbon is mounted on a bracket that 
travels on one or two small wheels along the joint. This carrying 
device may be actuated manually or may be motor-driven. The 
speed is adjusted by the melting rate and the metal thickness, 
and the wire is fed in manually or the edges are flanged to provide 
filler material. On edge welds particularly, this procedure re- 
sults in a very smooth sound contour and increased welding 
speed. Flux is usually applied by painting a water mixture on 
the parts before welding. 

Atomic-Hydrogen Welding. The atomic-hydrogen welding 
process has been adapted to welding aluminum alloys, particu- 
larly for sheet parts, in a thickness range from 0.064 to 4/g in., 
and its commercial use so far has been limited to manual opera- 
tion of the torch. Experimental welding with automatic equip- 
ment has also been accomplished with excellent results from the 
standpoint of soundness and'strength. 

In this process, an are is drawn between two tungsten elec- 
trodes in a hydrogen atmosphere. For manual welding, control 
of the melting rate can be accomplished by moving the torch 
away from or toward the work, and, consequently, the process 
has some advantage over the metal or carbon are from this 
standpoint. Filler rod is applied manually and in much the same 
manner as when gas-welding. The same fluxes used for gas weld- 
ing are used with the atomic-hydrogen torch, and the flux is 
usually applied by dipping the rod in a water mixture of the flux. 
Suggested machine settings for various thicknesses of material 
are shown in Table 8. 


TABLE 8 APPROXIMATE MACHINE SETTINGS FOR ATOMIC- 
HYDROGEN WELDING? 


Hydrogen Filler 
Thickness, Current, pressure, wire diameter, 

in, amperes psi in. 
0.064 10 7 1/5 
0.081 15 7 5/39 
0.101 21 8 5/ap 
0.125 27 8 5/16 
0.187 33 11 5/16 
0.250 39 14 5/16 
0.375 45 14 1/4 


@ Electrodes of 1/16-in.-diam used. 


Tungsten-Arc Welding. A great deal of experimental work and 
some commerical applications have been made in arc-welding 
aluminum by an are drawn between the work and a tungsten 
electrode in an atmosphere of helium or argon. Sufficient experi- 


Flux per 


Wire 100 ft 100 ft Welding 
speed, weld, weld, speed, 
ipm lb lb ipm 
16.8 2.5 17 16.0 
20.3 3.7 21 14.0 
9.6 4.8 26 12.3 
10.2 5.0 28 12.0 
9.3 7.8 51 Wed 


ence with this process has not yet been obtained to permit mak- 
ing specific recommendations on equipment and machine settings. 
The indications are that the procedure can be used for welding 
thinner metal than has been possible with other arc-welding pro- 
cedures. Welding flux is applied to the filler wire, and the filler 
metal is handled in much the same manner as when gas welding 
or carbon-are welding. 


QUALIFICATION OF WELDING OprRators, ProcepuRE SpEcIFI- 
CATIONS, AND CopES 


Arc- and gas-welding operations on the aluminum alloys require 
operator training to make joints that will meet production stand- 
ards for sound and strong welds. Experience has indicated that 
there is little difference in training individuals whether they have 
had previous experience in welding other metals or not. An 
adept individual will acquire sufficient skill to pass the qualifica- 
tion test with about 40 hr on various types of welds. Another 
380 to 40 hr training is given certain operators who cannot acquire 
a skill as quickly. Unless the qualification test can be passed in 
80 hr of training, it is usually best not to attempt to use an indi- 
vidual for welding operations. Both men and women operators 
have been trained with little difference in results from the stand- 
point of quality of welds. 

Most welding operators are qualified by the procedure laid out 
in Section 9 of the A.S.M.E. Unfired Pressure Vessel Code, the 
Bureau of Ships’ Specification E-1 and E-2, Appendix 7—Weld- 
ing, or the Army-Navy Aeronautical Specification AN-T-38, de- 
pending on the type of work tobe done. Further details on train- 
ing methods to qualify operators to meet these specifications are 
available from many sources and wil] not be repeated here. 

The welding of tank structures under the A.S.M.E. Unfired 
Pressure Vessel Code is handled in accordance with the special 
provisions listed in Case 994. This code specifically covers 
vessels made from aluminum manganese plate, and there are no 
code provisions for vessels made from other alloys. 


ResIsTANcn WELDING 


The aluminum alloys are electric-resistance-welded by spot or 
seam welding, depending on the requirements and design of the 
parts. The aluminum materials have high thermal and electrical 
conductivity and are covered with an oxide coating; all of these 
factors affect the welding characteristics, and consistent and 
strong welds can be made only if equipment designed to take 
these factors into account is provided. It follows that the weld- 
ing equipment used on the ferrous materials is not usually suita- 
ble. On the other hand, equipment design for aluminum can 
be used on practically all other weldable metals with good results. 

Spot welding is the most widely applied resistance-welding 
process. Many aircraft applications of spot welding are being 
made during the war as it has been found that joints can be made 
with a lower labor expenditure by spot-welding than by riveting. 
War effort has accelerated the development of equipment and 
procedure so that spot welds are now used in both structural and 
nonstructural aircraft applications for cowling, wing skin, attach- 
ing stiffeners to fuselage wing, or control surfaces, and many other 
parts, 

This experience points to wider use of this joining method for 
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the assembly of automobile parts, railroad, bus, and truck struc- 
tures, refrigerator parts, furniture, cooking utensils, in fact, al- 
most any field where the aluminum alloy will be used. Equip- 
ment has been developed to weld material on a production basis 
in a thickness range from 0.010 up to 5/2. in. thick. Experimen- 
tal programs are under way to design equipment and develop 
procedures to permit spot welding two sections having thick- 
nesses up to 8/js in., which is the maximum thickness for which 
spot welding is generally used. 

Three general types of electrical circuits have been developed 
for commercial spot welding, namely, alternating current, mag- 
netic energy, or condenser-energy storage. The superiority of 


Pressure 


Vemma: 


Current 


——— 


Time = ——— 


Standard a.c. 


Pressure 


—— 


Current 


Energy storage—electromagnetic 


Pressure 


Current 


Time ———=— 
Energy storage—electrostatic 


Fie. 10 Comparative PRESSURE AND CURRENT CyrcLEs For AL- 
TERNATING-CURRENT, ENERGY-STORAGH, RESISTANCE-WHELDING 
Systems 


any of the three types has not been established in industrial 
practice. Each of the three has specific advantages which makes 
it quite likely that all three types will continue to develop. The 
current pressure and time cycles of these types of equipment are 
shown schematically in Fig. 10. 

Alternating-current equipment is lowest in first cost and has 
been widely used for nonstructural applications, such as cooking 
utensils, refrigerator parts, etc. The welding circuit consists of 
a transformer that wil) deliver relatively high currents, depending 
on what is required for a specific metal thickness. Current dwell 
or weld time is controlled by electronic devices that deliver from 
1/, to 25 cycles of 60-cycle current as may be required. Some 
welding is also done with current timing controlled by either 
mechanically or electronically operated contactors. Weld- 
strength consistency is not good with the latter type of equip- 
ment, however, since such contactors are difficult to maintain 


TABLE 9 MACHINE SETTINGS FOR A-C SPOT-WELDING ALUMI- 
NUM ALLOYS 


——Gage—— 
B.&S. Time, Current, -——Tip pressure, lb——\ 
No. Inch cycles amperes Minimum Maximum 
26 0.016 4 14000 200 400 
24 0,020 6 16000 300 500 
22 0.025 6 17000 300 500 
20 0.032 8 18000 400 600 
18 0.040 8 20000 400 600 
16 0.051 10 22000 500 700 
14 0.064 10 24000 500 700 
12 0.081 12 28000 600 800 
10 0.102 12 32000 800 1000 
8 0.128 15 35000 800 1200 


ScHeEMATIC DIAGRAM OF ALTERNATING-CURRENT ROCKER- 
ArM Spot-We8LDING MacHINE 


(View shows pressure mechanism and electronic tubes for current timing in 
primary circuit; transformer secondary delivers high-amperage, low-voltage 
alternating current for welding.) 
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in adjustment so as to operate synchronously to initiate or turn 
off the current at the zero point on the alternating-current wave. 

It-is important to control not only the current time and mag- 
nitude but also the welding pressure when spot-welding aluminum. 
The reason for this is that the resistance at the interface is a func- 
tion of the pressure. In order that a controlled amount of melt- 
ing occurs to make the weld, the pressure must remain constant 
for successive welds. The pressure mechanism is usually pneu- 
matic or hydraulic, although in some cases a mechanical pressure 
device actuated by springs can be used. A typical alternating- 
current spot-welding machine is illustrated schematically in Fig. 
11. Typical machine setups for alternating-current welding are 
shown in Table 9. 

Other machine characteristics, such as throat depth, height, 
and distance between welding arms, are controlled by the di- 
mensions and shape of the parts to be welded. Two general 
types of machines are in use, the press type or rocker-arm type; 
and choice of the machine type is governed by the work to be 
done. 

The current demand for spot-welding aluminum alloys with 
alternating-current equipment is relatively high. Where a num- 
ber of machines are required for production, the installation of 
motor generator sets for voltage control is necessary. Also, the 
relatively long current time necessary to obtain sufficient heat to 
make a weld on the thicker materials causes a surface indentation 
at the welding tips that is sometimes objectionable. For the 
same reason, alloying of the aluminum and the welding tip occurs 
after a few welds, and the tips must be cleaned before proceeding. 
These conditions are improved with energy-storage-type equip- 
ment which has found wide use, particularly for assembling air- 
craft parts. 

Magnetic-Energy-Storage Welding. The current required for 
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welding specific thicknesses has been reduced very substantially 
by storing the energy in a transformer at a low demand rate and 
discharging it to make the weld. This is accomplished by rectify- 
ing three-phase 440 or 220-volt alternating current to direct cur- 
rent and delivering it to the primary of an inductor transformer 
in the machine at arate of about 100 to 400amp. By interrupting 
the primary current with a magnetic control, a high secondary 
current of short duration is established through the electrodes to 


Scuematic Dracram oF Magnetic-HNerey Spot-WELp- 
InG MACHINE 


(Energy is stored in transformer primary and welding current is formed in 
secondary when primary circuit is opened.) 


Fie. 12 


Fie. 


13. ScHematic DiaGRAM SHOWING OPERATION OF ELECTRO- 
sTATIC Spot-WELpING MacHINE 
(Current is stored in condensers and discharged to welder primary; welding 


current of high amperage in secondary makes weld. Pressure mechanism 
can be adjusted for either single or double pressure during weld cycle.) 


make the welds. 
12. 

Equipment of this type is easily adapted to different types of 
production work and has found wide use for aircraft spot welding. 
Welding speeds up to 100 spots per min can be obtained, and the 
structural properties and surface condition of spot welds made in 
this way are excellent. 

Condenser-Energy-Storage Welding. Another scheme for re- 
ducing power demand that has found wide use consists of storing 
electrical energy in static condensers during the period between 


Such equipment is shown schematically in Fig. 
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welds at a rate much lower than would be required if the welding 
machine were connected directly to the line. With such equip- 
ment, the three-phase power supply is stepped up and rectified 
to direct current, and it is possible to control the voltage so that 
varying amounts of energy can be delivered to the welding tips. 
The energy is stored in a bank of condensers which is discharged 
to the primary of the welding machine causing a rapid rise of cur- 
rent in the secondary which makes the weld. A typical applica- 
tion of the condenser-energy-storage type is shown in Fig. 13. 

Welds made by such equipment show excellent soundness, 
strength, and surface finish. Like the magnetic-energy-storage 
machines, this type of equipment has a power demand about 1/10 
of that required for alternating-current welding, and conse- 
quently installation of the machines can be made without inter- 
ference with the electrical system in the shop. 

Three types of pressure systems are used on spot-welding ma- 
chines. Someequipmentisarranged to apply high pressure to bring 
the parts in intimate contact. This is followed by a lower pressure 
at the time the welding current is impressed on the circuit and 
then by a high pressure to forge the weld metal. Another type 
eliminates the preliminary high pressure at the start but increases 
the pressure immediately after the current is applied in order to 
forge the weld. Still another system used on practically all 
alternating-current welding equipment uses a constant pressure 
throughout the welding cycle. Some improvement in soundness 
of the weld structure has been demonstrated for the variable- 
pressure cycles, particularly on material 0.064 in. and thicker. 
Choice of pressure cycle depends on the class of work being done. 
For example, where high quality is imperative, such as the as- 
sembly of structural aircraft parts, the additional cost and com- 
plication of the variable-pressure cycle is required. For thin 
material and where cost is a primary consideration, the use of a 
constant-pressure cycle seems to be adequate for most work. 

For making long lines of equally spaced welds for joints where 
gas or liquid tightness is required, resistance-welding machines 
based on the principles already discussed are used in a manner 
called roll-spot or seam welding. The spot-welding electrodes are 
replaced with a pair of driven-roller electrodes, and the electrical 
circuits adjusted to make successive impressions of welding cur- 
rent. By suitable timing of current and wheel speed, either over- 
lapping or intermittent weld spacing is obtained. Welding speed 
for many duplicate parts is substantially lower for this method of 
welding. 

The economical operation of spot- or seam-welding machines to 
make sound and consistent welds is a function of three factors 
which are not so important when welding other metals. These 
are electrode shape, electrode cooling, and preparation of mate- 
rial to be welded. 


TABLE 10 SPOT-WELD ELECTRODES—TIP RADIUS 


Annealed Intermediate temper 
and of non-heat-treated 


Thickness, in. as extruded alloys Heat-treated 
Up to 0.020 2 2 1 
0.021-0.032 3 3 2 
0.033-0.064 4 3 3 
0.065-0.094 4 4 4 
0.095-0.125 4 4 

Nore: If a minimum of indentation on one surface is required, one tip is 


made to the radius given and the other is flat. 
above, use a 10 in, radius instead of flat. 


On thickness 0.064 in. and 


/ 


Proper current and pressure distribution in a weld depend on 
the shape of the electrode face in contact with the work. A 
spherical shape has been found suitable for practically all work 
and is used almost universally. The radius of. the sphere de- 
pends on the thickness of the metal. Table 10 shows values for 
both electrode tips and rolls that are used for a wide range of 
production work. Good maintenance of the electrode shape is 
possible by using a hard copper-alloy material, with a conduc- 
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tivity higher than 80 per cent, for tip material and by machining 
the proper radius on the tips. Dressing of electrodes in the course 
of production welding is done with fine abrasive cloth, usually 
No. 240, over a back-up piece machined to the proper radius. 
This is rotated between the tips under pressure. 

Tip cooling is accomplished by delivering cooling water inside 
the hollow tip or roll to within 4/15 in. of the tip. At least 2 gpm 
should be delivered to the tip. Tap water below 50 F is adequate 
for most work, but, in many localities having relatively warm 
water, refrigeration is required in order to obtain adequate cool- 
ing. 

The preparation of the material is accomplished in several 
ways, depending on the alloy. All of the methods are devised to 
remove the oxide coating from the surface of the metal in order to 
provide uniform and low surface resistance. Experience has 
shown that any cleaning method which results in a surface re- 
sistance below 150 microhms will give good results. 

On the non-heat-treatable alloys cleaning is accomplished by 
a manual rub with steel wool or by wire-brushing with a fine wire 
brush. Other alloys, particularly those with a heavy oxide coat- 
ing, from fabricating or forming operations, are given an etch in 
a caustic solution, followed by a nitric-acid dip. Alclad sheet, 
widely used for aircraft structures, has a pure-aluminum surface 
and can be cleaned in a milder etch. A dilute nitric-hydro- 
fluoric-acid etch is frequently used for this purpose as are many 
proprietary compounds, developed specifically for preparing 
metal for spot welding. Grease, oil, or dirt is always removed 
by solvent or degreaser cleaning before the parts are given the 
final mechanical or chemical treatment. 


BRAZING , 


Brazing differs from welding in that special fluxes and filler 
material having a lower melting point than that of the parent 
material are used for making the joint without melting the parent 
parts. The availability of these low-melting-point filler mate- 
rials plus the development of special fluxes which permit the filler 
material to completely wet the surfaces in the joint are the essen- 
tials that make aluminum brazing possible. The cost of brazing 
is generally less than the cost of either gas or arc welding, and 
brazed joints are neater and require less finishing. Furthermore, 
parts too thin to be welded may be satisfactorily brazed. 

Brazed joints are classed by the methods used in applying the 
brazing heat. These are furnace brazing, torch brazing, and dip 
brazing. 

Furnace brazing is done by applying a flux, assembling the 
parts, and raising the temperature of the entire assembly or 
batch of assemblies in a furnace to a point that will cause the 
filler material to melt and flow into the joint, but without melt- 
ing the parent parts. 

Torch brazing is done by dipping the filler material in a flux 
and melting this material into the joint with a torch. 

Dip brazing is done by assembling the parts and dipping the 
entire assembly into a bath of molten flux held at a temperature 
somewhat above the melting point of the filler material but below 
the melting point of the parent material. This method offers 
interesting production economies, except for closed containers 
such as floats or tanks in which good drainage of the flux cannot 
be obtained. 


. DESIGN AND STRENGTH 


Lap joints rather than butt or scarf joints are generally used 
with brazing. However, in making any kind of a joint, clear- 
ance between the parts is necessary for the flow of the filler mate- 
rial. This flow depends on gravity and capillary forces; so 
pressed or tight fits in assembling the parts must be avoided. 
Clearances of 0.006 to 0.010 in. are suitable for laps less than !/, 


in. long; clearances up to 0.025 in. are used for longer laps. The 
correct clearance for any given joints is best determined by trial. 

The design should permit easy assembly of the parts prior to 
brazing, and closed assemblies should be designed to provide for 
the egress of gases during the brazing process. The use of jigs 
and fixtures for holding the parts in alignment, particularly if of 
steel or stainless steel, is not usually feasible. The difference in 
thermal expansion between steel and aluminum in most cases 
will force the parts out of line. Aluminum fixtures for this use 
are satisfactory only if made from an alloy that will not melt at 
the brazing temperatures and so shaped that there is no contact 
between the fixture and the molten brazing flux and filler metal. 


Fig. 14 Typrcat Brazep Joints AND ASSEMBLY BEFORE BRAZING 


Fig. 15 Cross Section oF BRAzED JOINT 


In most applications, it has been desirable to design the parts to 
be self-jigging or held in alignment by rivets or projections that 
remain on the part after brazing. 

Commercially pure aluminum and aluminum-manganese alloy 
are the only wrought non-heat-treatable alloys for which commer- 
cial brazing processes have been developed. Since brazing re- 
quires heating these alloys above their annealing temperature, 
designs involving the use of the non-heat-treatable alloys must be 
based on the strength of the annealed or soft temper of the mate- 
rial. The heat-treatable aluminum-magnesium-silicide alloys 
are used for brazed parts where higher strength is required. 
Parts can sometimes be quenched directly after the brazing 
operation, or the heat-treatment can be performed in a sepa- 
rate operation. 

The strength of torch-brazed parts is approximately the same 
as gas-welded assemblies. The heat being applied locally anneals 
the metal in the neighborhood of the joint, and the amount of 
annealing is in proportion to the amount of brazing. Therefore, 
the strength of torch-brazed parts should be determined by test. 

Filler material is provided in the form of wire, washers, clips, 
bands, ete., which are placed right at the joint to be formed. It 
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is held in place mechanically in or around the joint, or may be 
placed in slots or reservoirs. The volume of the filler material 
should be sufficient to form generous fillets. 

A special material, known as “brazing sheet,” is available. 
When this is used, no separate filler material is required to com- 
plete the brazed joint. This is a duplex sheet consisting of a core 
with a coating of filler material. A description and uses of this 
product will be given in more detail later. 

Fig. 14 illustrates a number of brazed joints and shows the 
appearance of the assembly, before and after brazing. A cross 
section of a typical brazed joint is shown in Fig. 15. 


RESISTANCE TO CORROSION 


There is not yet sufficient experience to establish definitely the 
resistance of brazed aluminum joints to corrosive attack. How- 
ever, there has been enough testing in salt spray, atmospheric, 
and other kinds of exposure to indicate that the resistance to cor- 
rosion of brazed joints is comparable to that of welded joints in 
the same alloy. If the exposure conditions are such that the 
parent material would need protective paint coatings, the 
brazed joints in the assembly should be given the same treatment. 
If the aluminum parts need no protection, it is quite likely that 
the brazed joint also will perform satisfactorily without it. 


PREPARING MATERIALS FOR BRAZING 


The parts to be brazed and the filler material must be thor- 
oughly cleaned and free from dirt and oil to obtain satisfactory 
results. 

The removal of foreign material is usually sufficient cleaning 
for torch-brazed joints. When furnace or dip brazing, however, 
parts should usually be prepared for brazing by an etching-type 
cleaner. This is particularly required when brazing a casting, 
whether the surface has been machined or not. 

When cleaning is done by an etching method, this may be per- 
formed by immersing the parts for 20 to 60 sec in a 5 per cent so- 
dium-hydroxide solution held at 150 F. The time is varied to 
suit the condition of the surface. This is followed by a water 
rinse and a dip in nitric acid of 10 per cent or higher concentration. 
This is followed by another water rinse, usually in hot water, to 
accelerate drying. The etching procedure removes metal; con- 
sequently, dimensional allowances must be made on threaded or 
machined parts. 

The filler material should be cleaned after the wire or washer 
has been formed or punched to the shape in which it will be ap- 
plied on the assembly. It is generally advisable to use the etch- 
ing method just described. 

Many of the proprietary alkaline and solvent cleaning mate- 

ials are suitable for precleaning the parts to be brazed. It is 
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important to provide a thorough rinsing operation for the last 
cleaning dip, as the presence of even small quantities of residual 
cleaners in the joints interferes with the fluxing action. 


FuRNACE BRAZING 


Furnace-brazing technique varies in detail for different alu- 
minum alloys, although the same principles and equipment are 
used for all. Designs for joints to be furnace-brazed include 
parts having a thickness up to !/2 in. and down to 0.006 in. 
Furthermore, it is best not to design furnace-brazed joints having 
a wide range of thicknesses, because of the varying rate of tem- 
perature rise that would occur during the brazing operation in 
the furnace. 

Brazing Flux. Three types of brazing flux have been found 
suitable to cover the commercial range of furnace-brazing opera- 
tions. These include a low-melting-point flux of maximum flux- 
ing activity at temperatures below 1100 F, which is used par- 
ticularly for brazing the heat-treatable aluminum-magnesium- 
silicide alloys. Another lower-price flux for the alloys that can 
be brazed at temperatures from 1100 to 1185 F is widely used as a 
general-purpose material for metal heavier than 0.02 in. thick. 
A third flux with less activity is used for brazing parts with thin 
sections, in the range from 0.005 to 0.020 in. thick. 

The flux is packed as a dry powder and is usually mixed with 
distilled water in the proportion of three parts of flux to one of 
water to form a thick paste for application by brushing or to a 
thinner consistency for application by spraying to the joint areas. 
Filler materials also may be dipped in the flux mixture. If this 
is done, a mixture of about 50 parts flux and 35 parts water is 
suggested. To assist in obtaining a uniform spread and thick- 
ness of the flux on the metal, a wetting agent may be added to the 
mixture. 

Most assemblies can be placed in the furnace immediately after 
fluxing, but in the case of large fluxed surfaces such as on radiators 
or aircraft intercoolers, it is essential to remove most of the mois- 
ture from the flux, which might otherwise interfere with the 
brazing process. To do this, the assemblies should be preheated 
for 15 to 20 min at a temperature of approximately 400 F. 

When furnace-brazing hollow assemblies with only small open- 
ings, hydrogen gas may be formed if a water-mixed flux is used. 
Ignition of this hydrogen may be of sufficient violence to push 
the assemblies out of alignment. The formation of this gas can 
be prevented either by a preliminary drying operation, or by 
mixing the flux with either methyl or ethyl alcohol instead of 
water. 

Filler Material. The brazing alloy is added to the joint in 
different forms, depending on the design and location of the parts. 
In most cases, a wire ring or flat shim can be fitted into the joint. 


Fra. 16 Cross-SecrronaL STRUCTURE OF BRAZING SHEET SHOWING LAYERS OF BrRaziInc Merau INTEGRAL WitTH PARENT ALLOY 


N 
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The choice of alloy, form and size of the filler metal depend on 
the alloy and shape of the parts to be brazed. 

Filler material for many parts made from sheet can be supplied 
most economically by using brazing sheet. In this product, a 
thin coating of special alloy filler metal is bonded to one or both 
sides of the sheet in the mill (see Fig. 16). Parts are formed by 
bending, drawing, or hammering as may be required. The coat- 
ing forms with the parent metal to the shape of the piece and is 
in position for brazing with no further work. 

Furnace Equipment. Brazing is performed in standard types of 
furnace equipment. Temperature regulation within plus or 
minus 5 deg F of the nominal temperature is necessary to get con- 
sistent results. This requires automatic temperature control. 
For most parts, circulation of the furnace atmosphere is not es- 
sential to the brazing operation but is a desirable feature in 
furnace construction in that it reduces the heating time and re- 
sults in more uniform distribution of temperature in the furnace. 
If the parts to be brazed are subdivided into passages too small 
in area to permit uniform temperature rise by the natural con- 
vection currents in the furnace, forced circulation is absolutely 
essential. Both gas-fired and electrically heated furnaces have 
been used, as well as batch and continuous types. When using a 
gas-fired furnace, best results are obtained if the furnace is made 
so that the products of combustion do not come in contact with 
the parts to be brazed. 

The furnace design should be based on an operating range of 
1000 to 1200 F. The design also should provide for the insertion 
of baffles, so that radiant energy from the heating units does not 
locally overheat the load. Precautions should be taken to pre- 
vent drops of molten flux from coming in contact with the heat- 
ing elements. 

Brazing Time. The total time that an assembly to be brazed is 
exposed to the furnace temperature depends on the thickness of 
the parts and must be determined by trial. Experience indi- 
cates that furnace-brazed parts can be made from material 
0.006 to !/2 in. thick. Material 0.006 in. thick will reach brazing 
temperature in a few minutes, while it requires 40 to 45 min for 
1/.-in-thick material to reach that temperature. A period of 2 to 
6 min after the metal reaches the brazing temperature is required 
to melt the filler material and flow it into the joint. As stated 
previously, because of the varying rate of temperature rise, it is 
not good practice to design an assembly so that a wide range of 
thickness occurs in its various pieces. 

Brazing Temperature. Brazing temperatures depend on the 
alloy used, the design of the parts, and the size of fillets desired. 
The actual load temperature should be measured by means of a 
thermocouple attached directly to one of the parts being brazed, 
or preferably to a ‘“dummy” unfluxed part to prevent destruc- 
tion of the thermocouple by contact with flux. Larger fillets are 
obtained at the upper end of the temperature range. 


Torco BrazInc 


In torch brazing, the heat required for melting the filler mate- 
rial is applied to the joint locally with a welding torch. Oxy- 
hydrogen, oxyacetylene, or oxy-natural gas flames may be used. 
However, the first two procure smoother and cleaner joints and 
are faster than the third. The choice of the torch tip depends on 
the thickness of the parts and can be most easily determined by 
trial. Best results are obtained with a reducing flame. 

The flux is mixed with water and applied to the filler wire by 
dipping. Heat is then applied to the assembly with the flame 
until the temperature reaches a point where the flux and filler 
material melt and wet the surface of the parent parts with little 
or no melting of the latter. In this brazing process, the filler 
material is more fluid and it flows more freely than in gas 
welding. 


Furthermore, the speed of brazing is greater than that of gas 
welding. 


Dip BRAzING 


Dip brazing differs from furnace brazing in that it is not neces- 
sary to apply the brazing flux in a separate operation. In dip 
brazing the parts are assembled with the filler material in place. 
The assembly is placed on a suitable rack and dipped in molten 
flux held at the proper temperature to melt the filler material 
and produce its flow into the joint but yet not melt the parent 
parts. While commercial experience is yet quite limited, its field of 
possible applications includes finned tubing, radiators, heat ex- 
changers, and similar assemblies that permit complete drainage 
of the molten flux after brazing. 

Parts are prepared for dip brazing in much the same manner 
as for furnace brazing from the standpoint of cleaning and as- 
sembly. Dip-brazed parts should be designed so that alignment 
during brazing is obtained by the fit of the parts rather than hold- 
ing the pieces in jigs or fixtures. For example, in brazing tubes 
to header plates a close fit at the joint can be made by expanding 
the ends of the tubes into the holes in the header plate. Racks 
for suspending the parts in flux are usually made from nickel or 
pure-aluminum wire. The same temperature range used for 
furnace brazing is suitable with the final temperature chosen by 
trial. The parts are dipped from 30 sec to 8 min, depending on 
the shape and thickness. 

Increased speed and smoother joints are obtained if the parts 
are preheated to between 900 to 1000 F, before dipping in molten 
flux. This is usually accomplished in a separate operation and 
prevents local freezing, distortion, inconsistent joining, and en- 
trapment of flux in small openings in the pieces. 

It is important that the flux be held in a container which will 
not cause contamination. Pure-nickel pots have been found 
satisfactory from this standpoint, and a service life of about 6 
months can be expected with this material. Some ceramic pot 
linings are suitable although, unless previous experience has indi- 
cated a ceramic is not attacked by the flux, preliminary testing 
should be accomplished. Both external gas-fired heating or 
electric-resistance heating of the molten flux have been found 
satisfactory. Temperature control within plus or minus 5 F of 
the brazing temperature is essential. The size of the pot also 
should be such that the chilling effect from dipping the parts to 
be brazed does not drop the temperature below this tolerance. 

The addition of flux to replace drag-out or increase the depth 
will introduce moisture. The same conditions exist when a fresh 
batch of flux is melted. The source of this water is the chemi- 
cally combined water in the flux constituents, and the effect is to 
attack the aluminum parts unless the bath is dehydrated. De- 
hydration is accomplished by dipping a coil or piece of aluminum 
sheet in the flux. As long as moisture is present, hydrogen is 
evolved which ignites on the surface producing small orange 
flames. 

Dip brazing has not been in wide commercial use as the process 
is new, and detailed information on procedure has not yet been 
established. 


Brazine Castincs 


The brazing of castings or assemblies, including castings, is 
still the subject of considerable experimental work. The melt- 
ing ranges of most of the cast alloys are somewhat lower than the 
melting ranges of the non-heat-treatable wrought alloys, and to 
braze them requires lower temperatures than can be used with 
most of the filler materials developed to date. The mass of a 
casting also introduces problems in connection with warping and 
distortion which further limit the temperature that can be used 
satisfactorily for such brazing. Although techniques have been 
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worked out for certain alloys and applications, this problem will 
require further work before brazing can be considered generally 
applicable for castings. Brazing for cast parts is the same as for 
wrought parts from the standpoint of cleaning, fluxing, furnace 
time, temperature, and joint design. 


CLEANING JOINTS AFTER BRAZING 


It is always necessary to clean the joint after the brazing opera- 
tion. Many parts can be immersed in boiling water before cool- 
ing from the brazing temperature, which will remove the major 
portion of the flux. If such a quench distorts the part, it should 
be allowed to cool in air and then immersed in boiling water. 

This is followed by a dip in concentrated nitric acid for 5 to 15 
min, depending on the design of the parts. The acid is removed 
with water rinse, preferably in boiling water, in order to accelerate 
drying. An alternative cleaning method is to dip the part for 
5 to 10 min in a 10 per cent nitric plus 0.25 per cent hydrofluoric- 
acid solution at room temperature. This, in turn, is followed by 
a water rinse. 

Brazed parts with thin sections (0.01 in. and lighter) and parts 
where maximum resistance to corrosion is important should be im- 
mersed in hot water followed by a dip in 10 per cent nitric plus 
10 per cent sodium-dichromate solution for 5 to 10 min. This, 
in turn, is followed by a hot-water rinse. 

Some of the brazing processes and materials referred to are 
covered by United States patents and patent applications owned 
by the Aluminum Company of America. 


SOLDERING 


The soldering of metals, as we ordinarily think of this process, 
consists of joining metallic components together by means of a 
metal or alloy having a melting point in the range of about 200 
to 700 F. Merely bringing molten metal in contact with a solid 
metal surface, however, does not necessarily insure wetting or 
alloying which are requisite to metallic joining. The surface of 
the solid metal, being normally covered with oxide and impurities, 
no longer has forces available for initiating the wetting process, 
for these forces have been neutralized by the formation of the 
oxide and by the absorption of the impurities. 

To permit metallic joining, these materials must be removed. 
The oxide and absorbed impurities present on the solid metal 
surface are sometimes removed mechanically, for example, by 
wire-brushing. At other times, it is customary and generally 
preferable to employ a flux to remove or displace the oxide and 
to act as a protective cover to minimize additional oxidation of 
the metal surfaces. 

Of the various methods used for making continuous metallic 
joints between metal components, that of soldering has been least 
considered in connection with aluminum and its alloys. This 
limited use of soldered aluminum joints in the past has probably 
been the result of a number of factors, among which may be men- 
tioned the inferior flow characteristics of the solders and fluxes 
formerly used as compared with those used on other metals, the 
inherent property of aluminum and its alloys readily to form and 
permanently to maintain a refractory oxide film, and the position 
of aluminum in the electromotive series of elements which often 
subjects it to electrochemical interactions with other metals or 
alloys in contact with it. 


Mernops oF SuppLyInG Heat 


The method of applying the necessary heat, and sometimes of 
supplying the solder as well, to the aluminum parts to be joined 
depends on the shape and size of the parts, the joint design, the 
appearance of the completed assembly, the equipment available, 
and so forth. In any case, the surfaces of the parts to be soldered 
must attain the proper temperature to insure satisfactory results. 
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Any ordinary electric or gas-heated soldering iron may be used 
on aluminum in the same manner as on the other materials such 
as copper, brass, and iron except that ordinary lead-tin solder 
should be used to tin the copper tip before using it and that an 
aluminum solder must be used for the joining. As with other 
metals, flame or torch methods may be used for soldering alumi- 
num with the added precaution that the flame should be directed 
on the opposite side of the part from the joint, or near the joint, 
so that the heat to melt the solder is supplied by conduction and 
so that the flame does not directly contact the flux and solder; 
a hot plate is particularly useful in this connection. The required 
heat may also be supplied by means of an oven or furnace operat- 
ing in the required temperature range; if this method of supply- 
ing heat is used, it may be desirable to supply the solder either by 
means of a previously applied coating or by solder rings or strips. 

For some applications, induction heating may be used in the 
same manner as for other metals; for others, resistance heating, 
as by means of properly shaped carbon blocks, may be used. 


Fie. 17 Sort-SoLpERED JOINT OF AN ALUMINUM REFLECTOR TO A 
Brass Ligut-BuLB BAsE 


Fig. 17 shows a soldered joint between an aluminum reflector and 
a nickel-plated brass base of a light bulb. This joint was made 
by means of a preplaced ring of a special flux-coated aluminum 
solder and two carbon contacts to utilize the resistance of the 
aluminum. The joint shown has been exposed to laboratory 
air for several years with no apparent signs of deterioration. 

A method long in use for supplying both heat and solder is 
dipping prefluxed parts into a molten solder bath or dipping 
parts through a flux layer into a molten solderlayer. <A similar 
method can be used for aluminum and its alloys and, for certain 
types of joints, lends itself very well to rapid production of sol- 
dered parts. 

SOLDERING PROCEDURES 


For accessible surfaces, it has been a common practice to cause 
the molten solder to wet or to alloy with the aluminum by a me- 
chanical abrasion or friction method. In general, the solder is 
melted on the aluminum surface and the surface rubbed or other- 
wise abraded beneath the molten solder in order to remove the 
oxide film and to allow the solder to adhere to the surface. The 
mechanical friction can be produced by a soldering iron, scraper, 
steel wool, wire brush, or in some cases by the solder stick itself. 
After the surfaces are alloyed to the solder, they may be joined 
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together by placing them in contact and subjecting them to heat; 
more solder may be added if required. - Aluminum surfaces which 
have been properly alloyed to an aluminum solder by any of the 
common methods may then be joined by ordinary soft solders 
and fluxes. 

Some of the fluxes suggested for soldering aluminum contain 
large amounts of heavy metal halides and function by reacting at 
approximately 400 F with the aluminum surfaces to produce the 
corresponding heavy metal and volatile aluminum chloride, which 
is released in the form of white fumes or smoke, and this reaction 
mechanically breaks up the oxide film. It should be noted that 
with this type of flux, the reaction resulting in the production of 
the joining metal or alloy takes place at the expense of the alu- 
minum parts. Such fluxes are generally unsuitable for thin-gage 
aluminum because of the danger of perforation. It is very im- 
portant to remove the chloride residues resulting from the use of 
halide fluxes in order to minimize corrosion of the soldered parts 
when exposed to moisture. Fig. 18 is a section through a joint 
made with such a flux and soldered joints of this type have been 


Fia. 18 Microsection THrouGH A SouppRED Joint Mapp WITH 
Heavy Metat Hatipg Frux anp ADDITIONAL SOLDER 
(Approximately X50.) 


known to be relatively unaffected after as much as 7 years in 
outdoor atmosphere. 

Certain so-called covering fluxes, covers, or blankets are some- 
times used in conjunction with mechanical methods or with spe- 
cial surface pretreatments. Such fluxes have a doubtful effect 
on oxide removal but probably function to exclude air from me- 
chanically or chemically cleaned aluminum surfaces and thus to 
minimize reoxidation. Common covering fluxes which have 
been suggested by various writers are paraffin, petroleum jelly, 
stearic acid, ete. These are used in combination with mechani- 
cal abrasion or commonly with a chemical pretreatment in dilute 
hydrofluoric-acid, or nitric-acid plus hydrofluoric-acid solutions. 

Other fluxes have been based on halides of alkali and alkaline 
earth metals but they require a high temperature and in addition 
present the problem of removing flux residues. New types of 
low-temperature flux, which effectively remove oxide films and 
promote rapid wetting and flow by molten solder, have recently 
been introduced and have found interesting applications. A 
small quantity of the flux is applied to the joint or to the solder 
wire and the joint is made by means of a soldering iron, flame, or 
hot plate. No rubbing is necessary and the technique resembles 
that used with other metals. These new fluxes can also be used 
for soldering*the common metals such as copper, brass, iron, 
nickel, etc. Fig. 19 is a section through a joint made with one 
of the new fluxes. 


An old technique, not used extensively in the past because of 
inability to obtain adherent electroplates, is the plating of alu- 
minum parts with copper, brass, ete., followed by soldering with 
the ordinary soft solders and fluxes. Recent developments in 
plating aluminum suggest interesting applications for this method 
of joining the aluminum alloys. It is of course necessary to 
note that the metals plated on aluminum for soldering purposes 
are of a type which promote corrosion when the parts are sub- 
jected to corrosive environments, and therefore the excess plat- 


Fie. 19 Microsrecrion THroucH a Sort-SotpErepD Joint Mave 
Wits a NonreACTIVE Fiux 


(Approximately X50.) 


Fie. 20 Mrcrosection THroucuH Sort-SoupprEep Joint MApr ON 
CopprrR-PLATED ALUMINUM WiTH LEAD-TIN SOLDER AND ZINC- 
CHLORIDE Fuux 
(Approximately X50.) 


ing should be removed after soldering, if possible. Fig. 20 is a 
section through a joint made on copper-plated aluminum. 


SoutpEers Usrep 


The technical and patent literature contains literally hundreds 
of compositions which have been proposed for soldering aluminum 
and its alloys. It has been stated that most of the solders that 
have been found to be satisfactory contain about 50 to 75 per cent 
tin, the balance zine. Proposed advantages of various solders 
are directed toward ease of soldering, mechanical strength, re- 
sistance to corrosion, ete. It is in general true that metals most 
closely adjacent to aluminum in the electromotive series will ex- 
hibit the least activity toward bimetallic or galvanic corrosion, 
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and those farthest removed, the most corrosion. At the juncture 
of dissimilar metals, some potential difference will always exist 
in the presence of an electrolyte. Since the soft solders are nec- 
essarily mixtures of the so-called heavy metals, such as zinc, 
cadmium, tin, lead, and smaller amounts of copper, silver, anti- 
mony, bismuth, etc., it is apparent that soft-soldered joints in 
aluminum are subjected to electrolytic corrosion in certain en- 
vironments. This action can be prevented to a certain extent 
by covering the joint with a moisture-proof paint or varnish but 
should not be considered as a practical remedy for all cases. 


SoLDERABLE ALLOYS 


Although it is probably possible to cause certain soft solders to 
wet or alloy with any of the aluminum-base alloys, it is not always 


Fig. 21 


Sort-SOLDERED JOINTS OF ALUMINUM TO COPPER SLEEVES 
FOR TRANSMISSION LINES 


desirable to soft-solder some of them. Soldered joints can be used 
in joining tubing, sheet, extruded shapes or any of the commer- 
cial forms of 2S or higher purity, 38, 5388S, and 61S. Alloy 528 
has rather poor soldering characteristics unless the parts are 
cleaned before applying the solder; a brief dip in 5 per cent nitric 
acid plus 1 per cent hydrofluoric acid, or in 5 per cent hydro- 
fluoric acid have been found suitable for such cleaning. Alloys 
such as 568, which contain substantial amounts of magnesium as 
an alloy constituent, have poor soldering characteristics. Struc- 
tural alloys such as 17S and 24S also have poor soldering charac- 
teristics and should not be soldered because of the rapid inter- 
granular penetration of molten solder. This does not apply to 
electroplated alloys, however, since the solder does not penetrate 
the plating. 

Soldering can also be used for joining other metals to aluminum, 
either directly or by first plating the aluminum with copper. 
For example, joints can be made to copper, brass, iron, steel, 
nickel, etc. Applications such as the joining of copper sleeves 
to transmission-line fittings have been successful for many years. 
Several such joints are shown in Fig. 21. Joints between very 
small aluminum and copper instrument wires can also be made. 
While extensive experience is not yet available, experimental 
results indicate that any metal that is now commercially soldered 
can be joined to aluminum by soldering. 


Joint DrEsIGn 


The design of soldered joints in aluminum construction is simi- 
lar to that used with other metals. Butt joints, line-contact 
joints, laps, tube-to-tube flare joints, etc. can be used. The 
required strength can, in general, be obtained by increasing the 
lap area. Since the principal stresses to which a soldered joint is 
subjected in service are mainly shear stresses, the shear strength 
of a lap-soldered joint is one of its most important properties. 
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Although joints with large lap area are somewhat difficult to 
make in aluminum by the flux methods, they can readily be made 
by pretinning, followed by ‘‘sweating”’ the faying surfaces to- 
gether in the regular manner, or by using electroplated aluminum 
and ordinary soldering procedures. Fig. 22 illustrates some of 
the types of soldered joints which can be and have been used. 


PERFORMANCE OF JOINTS 


The strength of soldered aluminum joints is dependent on the 
type and design of joint. In most cases, lap joints are used and 
sufficient lap should be provided to develop the necessary strength. 
In general, soldered joints will have a tensile strength of 7000 to 
15,000 psi, a shear strength of 2000 to 4000 psi, and a stripping 
strength of 100 to 200 lb per linear in. 

The resistance to corrosion of soldered joints in aluminum alloys 
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depends on the character or form of the joint, the application 
involved, the environment to which it is exposed, the care in 
making the joint, the type of solder, etc. The resistance to cor- 
rosion of soldered joints is the most important single factor to be 
considered before production use of soldering is attempted. As 
previously indicated, all solder compositions consist of metals 
possessing solution potentials which are different from that of 
aluminum and, in the presence of an electrolyte, corrosion failure 
of the joint may occur. The life of the joint will depend almost 
entirely on conditions to which it isexposed. Experience indicates 
that a joint that can be kept dry will last indefinitely. 

In actual practice, the use of properly soldered joints indoors 
is satisfactory if the environment is dry. Lap joints exposed 
to the outdoor atmosphere where the edges of the lap only 
are exposed have also shown satisfactory life provided that no 
pockets to entrap moisture are present. Soldered butt joints, 
made with three different solders and exposed to New Kensington 
industrial atmosphere for 4 years, showed an average loss of 50 
to 80 per cent in tensile strength, depending on the solder. 
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There does not seem to be much chance for the successful use of 
soldering on unprotected parts immersed or partially immersed in 
water, or unprotected parts exposed to moist or saline environ- 
ments although soldered aluminum joints made with certain sol- 
ders have successfully withstood an atmosphere of 100 per cent 
relative humidity at 125 F for about 4 years. However, it ap- 
pears to be possible to increase greatly the life of soldered alumi- 
num joints in humid and saline environments by coating them 
with a good zinc-chromate primer followed by aluminum paint. 


ING FILLED WITH REFRIGERANTS ANDO ROTATED 
AT ROOM TEMPERATURE FOR & YEARS 
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Fie. 23 Sorr-Soupprep ALUMINUM TuBEsS AFTER 6 YEARS IN 
LaBporatory AiR WHILE Fiutep Wits INDICATED REFRIGERANTS 


It is also possible that joints made with certain solders may be 
cathodically protected in some corrosive environments. 

Where resistance to corrosion is important, brazed, welded, or 
riveted joints should be considered. 


APPLICATIONS 


The limited use of soldering as applied to aluminum construc- 
tion has resulted in a lack of extensive service experience, al- 


though the technical literature contains some interesting ex- 
amples. Fig. 17 illustrates a light-bulb base soldered to an alu- 
minum reflector, whereas Fig. 21 shows soldered aluminum-to- 
copper transmission-line fittings. Fig. 23 shows the interior of 
soldered 3S aluminum tubes which have been exposed to various 
refrigerants on the inside and to normal indoor atmosphere on 
the outside for 6 years. The tubes were rotated on a shaft at 3 
to 4 rpm so that liquid refrigerant flowed back and forth through 
the tubes. All solders employed in making the joints proved 
quite satisfactory except when exposed to brine which attacked the 
solder. The aluminum was only very slightly attacked. Soldered 
joints involving aluminum should find a use in radio, electrical, 
refrigeration, and similar fields once their limitations are taken 
into consideration. 


RESIN-BONDING 


Modern civilization requires the putting together of things, and 
it is therefore reasonable that at some stage of man’s develop- 
ment a metal would be joined to a nonmetal in order to produce 
a new and useful object. In many instances, joining was made 
by means of natural or synthetic adhesives to give a complete 
faying-surface bond, in contrast to bolts or screws or rivets which 
would give only localized bonds. Of the two types of adhesives, 
natural and synthetic, the latter has apparently been the most 
successful because of strength, stability, moisture resistance, etc. 
It was therefore logical that an attempt would be made to join 
metals to metals by means of adhesives. The new art resulting 
therefrom is described by the term “resin-bonding.”’ This term 
is used in a broad sense to include joining by means of organic 
adhesives such as synthetic resins, natural or rubber hydrocar- 
bons and, in fact, any organic material which exhibits important 
sticking or bonding properties. These organic adhesives are re- 
ferred to as resin cements. 

There is not available at present a universal resin cement capa- 
ble of bonding any material to itself, or to any other material, 
to produce optimum joint properties. The nature of the mate- 
rials to be bonded, with their varied surface conditions and basic 
physical properties, and the even more varied conditions of serv- 
ice required of the completed joints, dictates a compromise be- 
tween mechanical properties, such as tensile, shear and tearing 
strength, and resistance to environment, including such factors as 
temperature, solvents, chemicals, and moisture. 

Adhesive bonds may arise from two sources, i.e., mechanical 
imbedding of the film of adhesive in the pores or irregularities of 
the surfaces being joined, and the exertion of specific molecular 
attraction between surface and adhesive. There is much evi- 
dence to prove that any fluid or semifluid which wets a particular 
surface and which is then converted into a tenacious mass by 
physical or chemical changes can be regarded as an adhesive for 
that surface. For example, it has been shown that even com- 
mon materials may function as adhesives, shellac giving alumi- 
num joints withstanding 2800 psi in tension and 2200 psi in shear, 
and water glass (sodium silicate) up to 900 psi in tension and 700 
psi in shear. 

It has been suggested that strong bonds are obtained only 
when the adhesive and the surfaces to be bonded have the same 
polar nature. For example, paper and animal glues make strong 
bonds because they are both strongly polar; water, which is of 
course strongly polar, makes a very strong bond in the frozen 
state to polar surfaces but poor bonds to nonpolar surfaces. In 
specific adhesion, then, the molecular attraction between the ad- 
hesive and the adherent is responsible for the strength of the 
bond. 

Resin-bonding may be carried out in temperature ranges of 
room temperature up to 500 F, depending on the adhesive used 
and the character of the surfaces to be bonded. Thus resin 


20 TRANSACTIONS OF THE A.S.M.E. 


bonds fall in the low-temperature group of joining methods and, 
being organic in nature, have a limitation of temperature im- 
posed on them. This will be brought out more clearly in subse- 
quent paragraphs. 


TYPES oF CEMENTS 


The resin cements used for joining aluminum are of several 
types. The vulcanizable cements are those based on natural or 
synthetic rubber, or a combination of natural or synthetic-rubber 
and synthetic-resin materials. Another group, formulated from 
materials known as plastics, may be of the thermosetting or non- 
resoftening type, or of the thermoplastic or reversibly softening 
type. 

Certain cements are used for making aluminum-to-aluminum 
joints with either an uncured or a vulcanized-rubber or synthetic- 
rubber interlayer. The resulting joints have properties which are 
in many ways dependent on the thickness of the interlayer. 


Jomninc MrerHops 


Resin-bonded aluminum joints generally require the applica- 
tion of both heat and pressure in order to cause the cement to 
flow or to set to its final form, to bring the surfaces together, and 
to increase the specific adhesive forces. 

As with any other joining process based on a wetting action, the 
surfaces to be bonded with a cement must be free of foreign 
matter, grease, etc. In many cases, a thorough solvent or vapor 
degreasing operation will prove sufficient. In other cases, par- 
ticularly with the heat-treatable aluminum alloys, it is desirable 
to pretreat the surfaces to be joined with special solutions. This 
will insure a surface which favors a better adherence of the ce- 
ment. When the surfaces to be joined have been properly 
wetted by the cement, the finished joints will generally fail in ten- 
sion or shear through the adhesive film, otherwise failure occurs at 
the interface between the cement and the metal. The effect of 
various pretreatments of the aluminum can be illustrated by the 
results for a thermoplastic cement which range from about 1300 
psi to about 8500 psi in shear, depending on the surface prepara- 
tion. It has also been shown that stripping strengths for a cer- 
tain thermosetting cement vary from 10 to 50°lb per linear in. 
depending on the chemical pretreatment used on the aluminum. 

Thermoplastic cements may be applied in the form of a solid, 
or a hot melt, or from solution; thermosetting and vulcanizable 
cements are generally applied from solution, although films or 
tapes can sometimes be used. The application of resin-cement 
solutions may be by brushing, dipping, spraying, roller coating, 
or applicator coating. The use of a solution requires evaporation 
of the solvent, prior to assembly, by air-drying or oven-baking 
at temperatures up to 180 F. Sometimes a partial precuring of 
cement films up to 450 F may be employed. The cement is, of 
course, applied to the faying surfaces prior to assembly, except 
in the case of some thermoplastic materials which can be flowed 
in by capillarity or gravity. 

The thermoplastic cements require only enough pressure to 
bring the faying surfaces sufficiently close together to allow the 
cement to flow and fuse. The thermosetting and vulcanizable 
resin cements will, in general, require greater pressures in order 
to effect a satisfactory bond, except in those cases where a rubber 
interlayer is used. These greater pressures are not required for 
the setting or curing operation but for bringing the surfaces to 
be joined into close and continuous contact at all times during 
the heating operation. 

Pressure may be applied to the joint area by means of simple 
clamps, weights, pressure bags, or a hydraulic press. For uniform 
distribution of pressure on the faying surfaces, pressure pads of 
various kinds and spring-loaded press platens may be used. In 
general, pressures up to about 250 psi will be satisfactory. The 
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exact pressure will depend on the particular cement used and on 
the thickness of the parts being joined. 

The temperatures required for thermoplastic cements are usu- 
ally from about 250 to about 450 F; the required temperature 
need be maintained only momentarily since flow takes place as 
soon as a certain temperature, dependent on the pressure and the 
character of the cement, is reached. 

Thermosetting and vulcanizable cements require temperatures 
of about 200 to about 500 F. In addition, vulecanizable cements 
have been developed in forms which cure slowly at room tempera- 
ture or slightly above room temperature. Since a definite reac- 
tion takes place in such cement films during the setting or curing 
process, a certain time interval is a necessary adjunct to bonding 
with these materials. Both thermosetting and vulcanizable ce- 
ments require accurate temperature control if under- or over- 
curing, with resultant lowered strengths, are to be avoided; a 
temperature control of about +5 F should be satisfactory. 

The exact equipment necessary for resin-bonding the aluminum 
alloys will of course depend on the cement used and on the de- 
sign of the part. An oven operating up to about 500 F, a hy- 
draulic press with heated platens preferably equipped with cool- 
ing coils, spraying and brushing facilities are some of the equip- 
ment generally required. Ifa natural- or sythetic-rubber inter- 
layer is to be used in the joint, it may be necessary to employ 
some sort of mold around the joint in order to confine the flow of 
the rubber. It should be emphasized that, in place of cements, 
it is possible to use brass-plated aluminum for bonding with or 
to rubber. 

Experience to date indicates that resin-bonding may be used 
for any of the aluminum alloys. Only limited experience is 
available with such alloys as 17S and 248. Because of the nature 
of these alloys, they should not be used with cements requiring 
heating at temperatures greater than about 300 F for more than 
a few minutes. 


JorinT DESIGN 


Since resin-bonding results in relatively low strengths per unit 
area, as compared to metallic joints, it is apparent that the joint 
design must be such as to give the required over-all strength. 
Thus the width of overlay, up to a certain width, determines the 
useful strength of the assembly. Resin cements, in combination 
with mechanical joints of the lock-seam or tube-flare types, result 
in assemblies which are gas- and liquid-tight and whose strength 
is a function of the type of joint, the area in shear or tension, and 
the character of the cement. Flared and swaged tube-to-tube 
joints with resin-cement on the faying surfaces have withstood 
up to 5000 psi hydrostatic pressure. 

Welding, brazing, and soldering processes are not generally 
commercially suitable for making lap joints of very large area, be- 
cause of the danger of porosity and flux entrapment. Cements, 
on the other hand, are ideally suited for making lap joints and 
should so be used whenever the faying surfaces can be brought 
into intimate contact. 

Resin-bonding is not limited to aluminum joints but is espe- 
cially applicable and almost necessary, for bonding other mate- 
rials such as glass, wood, fabric, plastic sheeting, rubber, and 
other metals to aluminum. 


PERFORMANCE OF JOINTS 


Adhesion, as we normally think of it, is a measure of the 
ability of the adhesive film to stick or adhere to the surfaces being 
bonded. If the joint fails at the adhesive-adherent interface, 
then the cohesion of adhesive and adherent is greater than the 
adhesion. If, on the other hand, failure is through the film, the 
maximum joint strength for that particular adhesive has been 
reached. Adhesion is generally measured by the use of three 
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Fie. 24 TyricaAL TENSILE, SHEAR, AND STRIPPING SPECIMENS AS 
Usep IN Stupy or MecuHanicat PROPERTIES OF RESIN-BONDED 
JOINTS 


- 


Fie. 25 Srvprat Resin-Bonpep ARTICLES ConsISTING OF NEO- 
PRENE Hose to AtuminuM Firtines, ALUMINUM TuBBs, ALUMINUM 
Din Castine TO AN ALUMINUM RING, AND ALUMINUM TO PLywoop 


basic methods involving application of a load to the joint in ten- 
sion, in shear, and by stripping. 

Tension adhesion is usually determined by pulling apart two 
blocks of material fastened together by the adhesive. Shear ad- 
hesion is, of course, determined by applying a shearing stress to 
the joint which is generally a lap joint in sheet material. Strip- 
ping adhesion is evaluated by separating two surfaces by a peel- 
ing action. Fig. 24 shows three shear specimens, i.e., double- 
strap butt, single lap and double lap; two tensile specimens one 
of which has a thick rubber interlayer; and two stripping speci- 
mens made of thin-gage material in order that the peeling is al- 
ways’ at 90 deg to the joint. Other matters to consider are sta- 
bility, temperature resistance, application characteristics, bond- 
ing range, drying time, etc. 

Thermoplastic cements, which as their name implies will gradu- 
ally soften as the temperature is raised, should not in general be 
used in applications with a continued exposure to temperatures 
of 125 to 150 F. Thermosetting and vulcanizable cements 


should not be used in applications with a continued exposure to 
temperatures of 150 to 300 F. Low temperatures, down to 
minus 40 F, will in general increase the strength and brittleness 
of many resinous materials. Because each cement has its own 
set. of properties, it is impossible to make a blanket statement as 
to the effect of temperature. 

Specific solvents may soften, swell, or dissolve thermoplastic 
cements; vulcanizates may be slightly softened and thermoset- 
ting resins are usually unaffected by solvents. Cements are or- 
ganicin nature. Just as with any organic material, deterioration 
may be expected in time under adverse exposure conditions. 
Some of the cements tend to absorb moisture or salt water; this 
not only deteriorates the adhesive but may accelerate the corro- 
sion of the metal at the faying surfaces. Resin-bonded joints 
have held up favorably under seacoast or industrial atmospheres 
up to a period of 2 years but may fail in from 1 to 6 months in salt 
spray, tap water, or salt water. Painting of aluminum resin- 
bonded joints greatly enhances their resistance to failure in highly 
moist or saline environments. It is probable that cements with 
superior resistance to moisture will be developed in the future, in 
which case the factor of safety can be greatly increased for resin- 
bonded joints. 

Resin-bonded joints in aluminum alloys are capable of develop- 
ing up to 7000 psi in tension and up to 5000 psi in shear, the exact: 
values being dependent on the character of the cement. In all 
cases, the stripping or adhesion strengths are low, being of the 
order of 10 to 65 lb per linear in., the higher values being given 
by rubberlike materials when proper surface preparation is em- 
ployed. These relatively low values for stripping strength may 
be a serious limitation on resin-bonded joints since provision 
must be made, by appropriate design, to minimize a tearing or 
peeling action on the joint. However, stripping strengths of 
about 60 lb per linear in. are of the same order of magnitude as 
stripping strengths of soldered joints on tin plate. 


APPLICATIONS 


Aluminum-to-aluminum joints, bonded by means of resin- 
cements, appear to have had a rather limited application prior 
to the war. On the other hand, important applications devel- 
oped during the past year or two are for the most part directed 
toward confidential war applications and therefore cannot be 
discussed. 

Fig. 25 does, however, illustrate a number of possible future 
applications such as neoprene or other synthetic hose cemented 
to aluminum, aluminum tubes bonded to copper tubes and 
sheathed with a vulcanized molded neoprene coating to mini- 
mize electrolytic attack, aluminum foil to plywood showing fail- 
ure by stripping through the surface layers of wood, and an 
aluminum die casting bonded to an aluminum-alloy ring. 

It would appear that some postwar uses of resin-bonding of 
aluminum can be based on present cements and other applications 
will develop as better adhesives become available. 
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Effect of Some Environmental Conditions on 
the Mechanical Properties of Cellulose Ace- 
tate and Cellulose Nitrate Plastic Sheets 


By T. S. LAWTON, JR.,! T. S. CARSWELL,! ann H. K. NASON! 


The effect of ambient temperature, relative humidity, 
testing speed, and sheet thickness on the tensile proper- 
ties, and of temperature on the compressive, flexural, 
shear, and impact properties of cellulose acetate and cel- 
lulose nitrate plastic sheets is shown in detail, and the 
general nature of these effects is summarized. 


OR the intelligent engineering application of any material, 
a knowledge of its properties under all environmental con- 
ditions which may be encountered in service is essential. 
Data of this type for plastics have been scarce but are being ac- 
cumulated rapidly to aid in the design of military equipment. 
A summary of progress in this field has been published recently 
from the laboratory (1)? with which the authors are associated. 
The work reported herein was undertaken to fill in gaps in 
our knowledge of the behavior of cellulose acetate and cellulose 
nitrate plastic sheets over the ranges of temperature and humidity 
ordinarily encountered in engineering uses. 


MATERIALS 


The cellulose acetate sheets used in this investigation were 
2050 TVA “‘Fibestos,” of the same composition as the materials 
used by Findley (2,3,4). They were manufactured by the 
sheeter process (5,6), and the surfaces were given an “HH” 
(polished) finish in a planish press under the conditions custom- 
arily employed for such materials. The content of residual 
solvent and water was less than 1.5 per cent as received. These 
materials are of the type customarily furnished for transparent 
enclosures on aircraft and similar applications and meet all 
requirements of Air Corps Specification 12025-B (7), Navy Aero- 
nautical Specification P-41c, Grades B and LS (8), and A.S.T.M. 
Specifications (9), (10). 

The cellulose nitrate sheets were manufactured from medium- 
viscosity pyroxylin of approximately 11 per cent nitrogen con- 
tent, and were plasticized with camphor. Detailed composition 
of specific materials are shown in the sections which follow. Proc- 
essing was by the sheeter method and was similar to that 
employed for the cellulose acetate sheets. Residual solvent and 
water content was less than 1 per cent as received. These ma- 
terials meet all requirements of A.S.T.M. Specification D701-44T, 
Type 1 (11), U. S. Army Specification 94-12008B (12), and 
Federal Specification GG-T-671 (13). 

All materials used for these tests were taken from regular pro- 
duction lots. 


1 Research Department, Monsanto Chemical Company, Spring- 
field, Mass. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. E 

Contributed by the Rubber and Plastics Division and presented 
at the Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of 
Tus AMERICAN Socipry oF MEecHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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TEsT PROCEDURES 


A.S.T.M. standard test methods were used wherever possible; 
specific reference to test methods is made in the following sections. 

The desired number of test specimens were cut from a single 
plastic sheet and mixed thoroughly to minimize geometric 
variables. All samples were preconditioned for 48 hr at 50 C 
(122 F), to eliminate moisture, and were stored in a desiccator 
over anhydrous calcium chloride until needed. For testing at 
various temperatures, specimens were placed in a conditioning 
chamber, maintained at the desired temperature, and allowed to 
remain for at least 6 hr to insure thermal equilibrium. They 
were then transferred quickly to a conditioned chamber on the 
testing apparatus, through which dry air at the desired tem- 
perature was circulating, and allowed to stand at least 10 min 
to insure that thermal equilibrium was restored. The test was 
then made under the desired conditions. 

A similar procedure was followed for testing at various humidity 
conditions, except that samples were allowed to stand for at least 
6 days in the conditioning chamber. All tests under varying 
humidity conditions were made at 25 C (77 F). 

The type of apparatus used for tensile and shear tests is shown 
in Fig. 1, that for flexural and compressive tests in Fig. 2, and that 
for impact tests in Fig. 3. 

Reported values represent the arithmetic mean of at least 
five determinations, and the plus or minus limits shown represent 
the arithmetic-mean deviation of the individual values from the 
mean. 


TENSILE PROPERTIES 


Tensile properties were determined by the method specified 
in A.S.T.M. Designation D638-44T (14); the method specified by 
Federal Specification L-P-406a (15) is identical. Stress-strain 
data were determined at a crosshead speed of 0.20 ipm. 

Effect of Temperature. Stress-strain curves for cellulose ace- 
tate at temperatures ranging from —65 C (—85 F) to 75 C 
(167 F) are shown in Fig. 4, and similar data for cellulose nitrate 
are shown in Fig. 5. Both acetate and nitrate sheet plastics 
were 0.125 in. thick. The nitrate sheet contained approximately 
25 per cent camphor. 

Table 1 summarizes the effect of temperature on the modulus 
of elasticity, yield stress, tensile strength, and elongation (at 
break) of the cellulose acetate sheet plastic. Table 2 sum- 
marizes similar data for the cellulose nitrate sheets. 

The effect of temperature on yield stress, tensile (ultimate) 
strength, and elongation is shown graphically in Fig. 6 for the 
cellulose acetate, and in Fig. 7 for the cellulose nitrate sheets. 

The effect of temperature on modulus of elasticity is shown 
graphically in Fig. 8 for acetate, and in Fig. 9 for nitrate sheet 
plastics. Data for moduli in compression and flexure are also 
shown in these figures. Figs. 10 and 11 show similar data for 
yield stress (upper) of acetate and nitrate sheets, respectively. 

Effect of Humidity. The effect of relative humidity (at 25 C) 
on the tensile strength and elongation of cellulose acetate and 
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ABLE1 EFFECT OF TEMPERATURE ON TENSILE PROPERTIES 
OF CELLULOSE ACETATE SHEET PLASTIC 


Modulus of Tensile 
Temperature, elasticity, Yield stress, strength, Elongation, 
deg C deg F psi X 105 psi psi per cent 
—65 —85' 562 0.038 | esas 7690 + 28 iiziee ve 
—25 —13 3.98+0.04 6730+ 80 7190 + 100 19 +1 
0 32 3.00 +0.02 5500 + 160 6380 + 120 34 + 2 
25 77 2.60+0.02 4180+ 60 4980 + 100 34 43 
50 122 2.01 + 0.02 2510 = 80 3260+ 80 40 +3 
75 167 1.81 +0.01 1410+ 40 1670+ 92 46 +4 


Notes: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 
Tested at 0.2 ipm crosshead speed. 
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TABLE2 EFFECT OF TEMPERATURE ON TENSILE PROPERTIES 
OF CELLULOSE NITRATE SHEET PLASTIC 
Modulus of Tensile 
Temperature, elasticity, Yield stress, strength, Elongation, 
degC deg F psi X 105 psi psi per cent 
—65 —8h— S290 001 fn nee 17900 + 600 9.3 = 1.0 
—25 —13 2.66 + 0.02 10100 = 300 11950 + 60 18 +2 
0 32 2.22 +0.01 7690 +130 8850+150 28 +8 
25 77 2.02 +0.02 5390+ 80 6100 +180 45 +4 
50 122 1.60 = 0.02 3380 = 100 4050 + 60 50 = 2 
75 167 1.39 +0.02 2300+ 40 23602120 25 +2 
Nors: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 
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TABLE 3 EFFECT OF RELATIVE HUMIDITY ON_ TENSILE 
PROPERTIES OF CELLULOSE ACETATE AND CELLULOSE 
NITRATE SHEET PLASTICS 


Relative 

humidity 

at 25C 4 5, : 

(77 F), —Tensile strength, psi—. —Elongation, per cent— 

per cent Acetate Nitrate Acetate Nitrate 
0 4980 + 100 6100 + 180 34 +3 45 +4 
25 4710 = 50 5660 = 40 38 = 1 47 +1 
50 4480 + 90 5490 = 80 41 +1 50 = 1 
70 4230 = 110 4770 = 60 45 +1 63 = 1 
88 4030 + 50 4600 + 50 48 +1 56 = 1 


TABLE 4 MOISTURE CONTENT OF 0.010-IN. CELLULOSE ACE- 
TATE AND CELLULOSE NITRATE SHEETS AT VARIOUS HU- 
MIDITY EQUILIBRIA 


Relative 

humidity, Moisture content, per cent———~ 

per cent Cellulose acetate Cellulose nitrate 
35 1.17 + 0.06 0.54 + 0.02 
50 1.63 + 0.05 0.77 = 0.06 
70 3.21 + 0.15 1.56 + 0.09 
SEL pie Pata ts coe 2.46 + 0.12 
82 413: 10510" eo eeenee Vee easier. 
87 Bae AO SEOs ak ee coy avers 
) Oe eA ees 3.49 = 0.13 
88 BSB OTIS She eae 
94 6.61 + 0.17 4.74 + 0.12 


TABLE 5 EFFECT OF THICKNESS ON TENSILE STRENGTH OF 
CELLULOSE ACETATE AND CELLULOSE NITRATE SHEET 


PLASTICS 
Sheet thickness, Tensile strength, psi 
mils Acetate Nitrate 
10 7990 = 160 10000 + 120 
30 7210 = 70 8210 = 90 
60 6310 = 160 7200 = 140 
80 5820 = 90 6570 = 90 
125 5100 = 110 5700 + 100 
140 DLS ae 60 ee Deas 
180 ewes 4500 + 90 
240 ATOO (se OG ee ed i ee ns 
250 paola 4030 + 60 
0.125" SHEETS. 25°C. 
7000 
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TABLE6 EFFECT OF TESTING SPEED ON TENSILE PROPERTIES 
OF CELLULOSE ACETATE SHEET PLASTICS 


Cross- Approximate ae 
Thick- head initial rate of Tensile Reduction 
ness of speed, stressing, psi strength, Elongation, in area, 
sheet, in. ipm per min psi per cent per cent 
0.060 0.05 1810 5490 + 140 38 = 2 21.2 + 0.9 
0.060 0.20 7820 5770 + 170 37 = 2 19.3 = 2.1 
0.060 1.0 41900 6010 + 260 36 + 2 18.7 + 2.7 
0.060 4.0 186000 6260 = 150 33 +4 16.9 = 1.4 
0.125 0.05 1600 4620 + 170 37 = 3 20.4 + 2.1 
0.125 0.20 6710 5000 + 240 38 +3 20.2 1.4 
0.125 1.0 35600 5350 + 300 34 +5 17.6 = 2.6 
0.125 4.0 156000 5720 = 80 38 + 2 19.0 = 1.0 
0.250 0.05 1470 4090 + 160 42 +2 22.1 = 0.7 
0.250 0.20 6180 4550 + 90 43 +2 22.0 +0.9 
0.250 1.0 32700 4890 + 130 4442 22.6 1.5 
0.250 4.0 147000 5350 + 100 46 + 2 20.4 +1.7 
Notse: Samples conditioned and tested at 25 C, and 50 per cent relative 
humidity. 
25°C., SO% RH. 0.2"7 MIN. 
11,000) 
10,000 en 
9000) 
3% 8000 
a 


~~ 
° 
° 
co) 


es fo! 


TENSILE STRENGTH, 
g 
3 


CELLULOSE ACETATE) 


) 40 80 120 160 200 240 280 
SHEET THICKNESS, MILS. 


Fie. 14 Errect or THICKNESS ON TENSILE STRENGTH OF CELLU- 
LOSE ACETATE AND CELLULOSE NITRATE SHEET PLASTICS 


25°C., 50% R.H. 


8 


a 

° 

° 
S 


TENSILE STRENGTH, PSI. 


4500 


GROSSHEAD SPEED, IN./ MIN. 


Errect or Trusting SPEED ON TENSILE STRENGTH OF 
CrLiuLoss AcetarTr SHEnr PLastics 


cellulose nitrate sheet plastics is summarized in Table 3 and is 
shown graphically in Fig. 12. 

The moisture content of these plastics, when in equilibrium 
with atmospheres at various relative humidities, was determined 
chemically by the Karl Fischer method (16). Specimens 0.010 in. 
thick were used, and the water content was determined after 8 
days’ exposure at the desired humidity level. The results are 
summarized in Table 4 and are shown graphically in Fig. 13. 

Effect of Sheet Thickness. To determine the effect of sheet 
thickness on tensile strength of cellulose acetate, a series of sheets 


LAWTON, CARSWELL, NASON—CELLULOSE ACETATE AND CELLULOSE NITRATE PLASTIC SHEETS 27 


varying in thickness from 0.010 to 0.250 in. were skived from the 
same block of plastic, thoroughly seasoned to remove volatile 
solvents, and finished by planishing. A series of cellulose 
nitrate sheets was prepared in a similar manner, except that not 
all were cut from the same block of plastic. Tensile specimens 
were cut from these sheets, conditioned for several weeks at 
25 C (77 F) and 50 per cent relative humidity, and tested at these 
conditions by the standard method (A.S.T.M. D638-44T); a 
crosshead speed of 0.20 ipm was employed. The results are 
summarized in Table 5 and are shown graphically in Fig. 14. 
Effect of Testing Speed. Standard test specimens, conditioned 
and tested at 25 C (77 F) and 50 per cent relative humidity, 
were broken in tension at four different crosshead speeds, 0.05, 
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0.20, 1.0, and 4.0 ipm. The cellulose-acetate specimens were 
from three sheets, 0.060, 0.125, and 0.250 in. thick, respectively, 
all of which were cut from the same block of plastic and finished 
in the same way. This was, however, a different lot of material 
from the one used for the other tensile tests previously reported 
although its composition was the same. Approximate initial 
rate of stressing was calculated by the method described in A.S. 


CELLULOSE ACETATE; 


TABLE7 EFFECT OF TESTING SPEED ON TENSILE PROPERTIES 
OF CELLULOSE NITRATE SHEET PLASTICS 


Nitrate Crosshead Tensile strength, Elongation, 
plastic speed, ipm psi per cent 

A 0.05 6000 + 120 37 +1 

A 0.20 6000 = 280 35 +4 

A 0) 6350 + 130 3443 

A 4.0 7070 += 100 34 +7 

B 0.05 5190 + 300 29 +3 

B 0.20 5380 + 180 27 +3 

B 1.0 5920 + 220 26 +3 

B 5.0 6670 = 40 2444 

Nore: Samples conditioned and tested at 25 C and 50 per cent relative 
humidity. 
25°C., 50% R.H. 
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T.M. Designation D638-44T (14). The results of these tests 
are summarized in Table 6. The effect of testing speed on 
tensile strength of the three thicknesses of acetate sheet is shown 
graphically in Fig. 15, and the effect on tensile strength, elonga- 
tion, and reduction in area of the 0.060-in. sheet is shown in 
Fig. 16. 

Data on the effect of testing speed on tensile strength and 
elongation of two different cellulose nitrate plastics are sum- 
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marized in Table 7 and are shown graphically in Fig. 17. Both 
of these materials differed in composition from the sheets used 
for the other tensile tests reported. Plastic A contained approxi- 
mately 22.5 per cent of a mixture of camphor and an alkyl 
phthalate, and the sheets were 0.150 in. thick. Plastic B con- 
tained approximately 24.5 per cent of camphor, and the sheets 
were 0.140 in. thick. 


COMPRESSIVE PROPERTIES 


Compressive properties were determined by the method 
specified in A.S.T.M. Designation D695-42T (17). The test 
specimens, cut from the same materials used for the tensile tests 
just described, were formed by laminating !/2-in-wide strips, in a 


TABLE 8 EFFECT OF TEMPERATURE ON COMPRESSIVE PROP- 
ERTIES OF CELLULOSE ACETATE AND CELLULOSE NITRATE 
SHEET PLASTICS 


Modulus of elasticity, Compressive yield stress, 


Temperature, psi X 105 — Si 

degC deg F Acetate Nitrate Acetate Nitrate 

—70 —94 3.24+0.01 2.81 = 0.02 8340 + 150 10000 = 160 

—40 —40 2.76 +0.02 2.39 +0.01 6300+ 70 7650 + 110 

—10 14 2.39 + 0.01 1.98 + 0.01 5310+ 60 6340 + 220 
0 32 2.31 +0.01 1.909+0.02 4900 = 80 5960+ 60 
25 77 2.03 0.02 1.63 + 0.02 4470+ 40 5480+ 60 
50 122 1.78 + 0.01 1.45 +0.04 3900+ 60 5170+ 80 
70 158 1.56 +0.02 1.20 +0.02 3510 = 60 4000 + 130 

Note: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 


Tested at 0.2 ipm crosshead speed. 


TABLE 9 EFFECT OF TEMPERATURE ON FLEXURAL PROPER- 
TIES OF CELLULOSE ACETATE AND CELLULOSE NITRATE 
SHEET PLASTICS 


Modulus of elasticity, Maximum fiber stress at 


Temperature, — psi X 105 yield, psi 
degC deg F Acetate Nitrate Acetate Nitrate 
—70 —94 3.68 + 0.06 3.47 = 0.02 11200 = 110 12700 = 90 
—40 —40 3.30 +=0.04 3.01 + 0.02 9810 = 70 11000 += 400 
—10 14 2.95 +0.02 2.53 =0.03 8210+ 80 9820 = 60 
0 382 2.70 +0.04 2.24 +0.03 8070 = 80 9100 = 70 
25 77 2.46 +0.02 2.00 + 0.04 7000 + 120 8090 = 60 
50 122 2.15 0.03 1.62 + 0.03 6220 = 60 7390 = 60 
70 158 1.76 + 0.02 1.31 +0.02 6120+ 40 6700 = 40 
Note: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 


Tested at 0.2 ipm crosshead speed. 


TABLE 10 EFFECT OF TEMPERATURE ON SHEAR STRENGTH 
OF CELLULOSE ACETATE soe Te NITRATE SHEET 


Temperature, Shear strength, psi 
deg C deg F Cellulose acetate Cellulose nitrate 
—70 —94 6190 = 70 6670 = 20 
—40 —40 5750 = 30 6040 + 40 
—25 —13 5570 = 40 5800 += 60 
0 32 5320 = 50 5550 + 90 
25 77 5100 = 130 5230 = 50 
50 122 4860 = 30 5100 + 50 
70 158 4490 = 60 4660 = 70 
Notre: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 


Tested at 0.2 ipm crosshead speed. 
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press, to form 0.5 in. X 5.0-in. bars, from which prisms 0.5 in. X 
0.5 in. X 1.0 in. were cut for use as test specimens. These were 
tested at a crosshead speed of 0.20 ipm. Compressive yield 
stress was taken as the point of failure, since beyond this the 
specimens deformed continuously until they were smashed to a 
thin cake. A typical compressive stress-strain curve (for cellu- 
lose acetate at 25 C and 50 per cent relative humidity) is shown 
in Fig. 18. The illustrations show the appearance of the test 
specimens at various points on the curve. ° 

The data for both acetate and nitrate sheets are summarized 
in Table 8. The effect of temperature on modulus of elasticity 
is shown graphically in Figs. 8 and 9, and on yield stress in Figs. 
10 and 11, respectively. 


FLEXURAL PROPERTIES 


Flexural properties were determined by the method described 
in A.S.T.M. Designation D650-42T. The test specimens, cut 
from the same materials used for the tensile tests described, were 
formed by laminating four 0.5 X 0.125 X 5-in. test bars. These 
were tested edgewise with a span of 4 in., and at a crosshead speed 
of 0.20ipm. Maximum fiber stress at the yield point was taken 
as the criterion of failure since beyond this point the specimen 
deflected continuously, with no increase in load, until the ends 
slipped through the supports. 

The data for both acetate and nitrate sheets are summarized 
in Table 9. The effect of temperature on modulus of elasticity 
is shown graphically in Figs. 8 and 9, and the effect on yield stress 
is shown in Figs. 10 and 11, respectively. 


SHEAR PROPERTIES 


Shear strengths were determined by the method described 
in Federal Specification L-P-406a (15). The three-plate shear 
tool was used with pins 0.375 in. diam and 1 in. long. These pins 
were turned on a lathe from 0.5 X 0.5-in. bars, formed by lami- 
nating four 0.125 X 0.5-in. strips in a press. The materials 
were the same as those used in the tensile tests described. 


TABLE 11 EFFECT OF TEMPERATURE ON IMPACT STRENGTH 
OF CELLULOSE ACETATE AND CELLULOSE NITRATE SHEET 
PLASTICS 

Impact strength, ft-lb per in. of notch 
Temperature, Charpy Izod 
degC deg F Acetate Nitrate Acetate Nitrate 
—78 —108 0.41 +0.01 1.39 +=0.03 0.34 +0.02 1.38 = 0.02 
—40 —40 0.45+0.01 1.883 0.02 0.40 +0.02 1.77 + 0.03 
0 32 0.91 +0.03 3.48 +0.01 0.96 0.03 1.96 + 0.04 
25 77 #2.73 = 0.08 5.18 = 0.02 2.45 =0.04 4.55 = 0.02 
50 122 3.84 +0.02 7.20+0.04 2.85 +0.03 6.36 + 0.04 
70 158 3.56 +0.03 8.48 = 0.03 3.02 + 0.04 7.61 + 0.04 
Nore: Specimens preconditioned 48 hr at 50 C and stored in desiccator. 


Specimens comprised four 0.125-in. plates, broken edgewise. 
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Testing speed was 0.20 ipm, and the results are calculated for 
“single” shear, i.e., the shearing stress existing at each point of 
failure. (Note: These stresses are one half of the so-called 
“double” shear stresses obtained by dividing breaking load by 
cross-sectional area of the pins.) 

The data for both acetate and nitrate sheets are summarized 
in Table 10 and are shown graphically in Fig. 19. 


Impact PROPERTIES 


Impact properties were determined by both Charpy and Izod 
methods, in accordance with the procedures described in A.S.T.M. 
Designation D256-48T (19). Specimens 0.125 in. thick, 0.5 in. 
wide, and of the proper length were notched with a single-tooth 
milling cutter at 400 rpm and were bound together in groups of 
four to give the correct aggregate width (0.5 in.). Specimens and 
apparatus were in thermal equilibrium with the testing atmos- 
phere at each test temperature. 

The data are summarized in Table 11 and are shown graphi- 
cally in Fig. 20. 

Impact strength was also determined by a falling-ball method. 
Specimens 6 in. square, and of several thicknesses, were bolted 
into a heavy steel frame (Fig. 21), and a 2-lb. steel ball was al- 
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lowed to fall onto the center of the panel from a predetermined 
height. The limiting height which would just cause fracture 
of the specimen was determined by repeated trials. Samples 
were preconditioned at 50 C, as previously described, and both 
samples and steel frame were conditioned to thermal equilibrium 
at the desired temperature before testing. 

The fesults are summarized in Table 12 and are shown graphi- 
cally in Fig. 22. : 


Discussion oF RESULTS 


The general effects of temperature, humidity, and testing 
speed have been pointed out previously by Carswell and Nason 
(1). The data herein presented are in line with these con- 
clusions. Cellulose acetate and cellulose nitrate sheets are 
typical thermoplastics. Acetate is fairl¥ sensitive to changes 
in moisture content., nitrate only moderately so. Acetate is 
also slightly modre affected by temperature changes than is 
nitrate. 

Tensile strength, flexural strength, compressive strength, 
shear strength, and the various moduli of elasticity all increase 
as the ambient temperature or relative humidity is reduced and 
decrease as these conditions are increased. Elongation and im- 


TABLE 12 EFFECT OF TEMPERATURE AND SPECIMEN THICK- 
NESS ON FALLING-BALL IMPACT STRENGTH OF CELLULOSE 
ACETATE AND CELLULOSE NITRATE SHEET PLASTICS 


-——Feet drop to break 6-in, X 6-in. panel; 2-lb ball——. 


——Cellulose acetate——\ -——Cellulose nitrate— 

Temperature, 0.030 0.060 0.125 0.030 0.060 0.125 
degC deg F in, in. in. in, in. in. 
—65 —85 1 U/, 2 vf 9 14 
—40 —40 41/4 6 if 8 14 23 
—10 14 61/4 13 321/% 10 19 49 
25 wal 71/4 171/ >60 14 23 >60 

50 122 91/2 191/2 >60 17 28 >60 

70 158 12 24 >60 20 35 >60 
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pact strength, however, decrease as the ambient temperature 
or relative humidity is lowered and increase as these conditions 
are raised. 

Tensile strength tends to increase as the testing speed is in- 
creased. Elongation and reduction in area, however, decrease 
with increasing test speed. 

In general, the tensile strength of these plastics decreases with 
increasing sheet thickness and increases with decreasing thick- 
ness. 

The data given in this report are for typical production ma- 
terials and are known to be representative. Since they are based 
on a limited number of tests and on only a few samples of ma- 
terials, they should not be regarded as minimum values for de- 
sign or specification purposes. A much larger number of tests 
should be made and evaluated statistically before any such values 
are set up. 
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General 


Variable Heat-Transfer Rate Correction 


in Multipass Exchangers, Shell- 
Side Film Controlling 


By KARL A. GARDNER,! NEW YORK, N. Y. 


The change in temperature of the fluid streams within 
a heat exchanger, through the consequent alteration of 
their physical properties, may cause the over-all heat- 
transfer coefficient to vary between rather wide limits; 
this represents the chief source of error in mean tempera- 
ture difference formulas, most of which are derived on 
the assumption of constant over-all coefficient. Colburn 
(3)? based a simple method of correcting for this effect in 
counter- and parallel-flow exchangers on the assumption 
of a linear variation of rate with fluid temperature. On 
this same basis, equations are developed in the present 
paper for multipass exchangers in which the shell-fluid 
film controls. It is shown that the results are practically 
independent of the number of tube passes, and the nu- 
merical data given are therefore those for the limiting 
case of crossflow with both fluids mixed, since this proves 
to be more amenable to direct mathematical treatment. 
These data are presented graphically and in tabular form 
as correction factors by which the arithmetic-average over- 
all heat-transfer coefficient and logarithmic mean tem- 
perature difference may be multiplied to obtain the true 
mean heat-transfer coefficient -temperature difference 
product; an example of their use is given. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 


A = total heat-transfer surface 
A, = total surface in counterflow passes 
A, = total surface in parallel-flow passes 
C = heat capacity of shell-side fluid 
c = heat capacity of tube-side fluid 
F = MTD correction factor based on constant U 
F’ = MTD correction factor to be used with average rate 
determined by Colburn’s method 
F., = correction factor defined by Equations [11] and [12] 
Fg = correction factor by which Atiog and Uavg are multiplied 
to obtain (U At)m 
T,, I, = integrals defined by Equations [2] and [5] 
I = either J, or J;, depending on direction of flow 
KF =rahioA,U,/ AU, - 
In = logarithm to the base e 
M = half the number of tube passes per shell pass 
P = (t —t)/(T1 — h) 
R = (T,— T2)/(t2— ty) 
T = temperature of shell fluid 
T, = shell-inlet temperature 


1 The Griscom-Russell Company. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 1944, of Tue 
AMERICAN Society OF MrcHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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T2 = shell-outlet temperature 
Tm = temperature of shell fluid at which U = Un, 
i’, t”, ....t@") = temperatures of tube fluid in first, second, 
....2Mth tube passes 
USERS sey = intermediate temperatures between second 
and third, fourth and fifth, ....(2M — 2)th and 
(2M — 1)th tube passes 
t; = tube-inlet temperature 
t2 = tube-outlet temperature 
U = over-all heat-transfer coefficient at temperature, TJ’ 
U, = over-all heat-transfer coefficient at shell inlet 
Uz = over-all heat-transfer coefficient at shell outlet 
Um = average over-all heat-transfer coefficient 
(Chas = (UO, + U2) /2 
u = (MT, —t’ —t’"— .. t@¥@-D) 
v = any variable 
W = weight rate of flow of shell fluid 
w = weight rate of flow of tube fluid 
z = (MT,—t'’—t'"— .. t@@—-D) 
y = (T;—T)/u 
Me = (= Ayu = i= Fn Bt) 
z= (T—T»)/z 
Zia (leew lip) (Milo ty, bas) 
At, = temperature difference at hot end of counterflow 
exchanger 
At, = temperature difference at cold end of counterflow 
exchanger 
Atiog = logarithmic mean temperature difference 
Atm = mean temperature difference 
n= /1 + MR? 
6 = function of z defined by Equation [3] 
( ae 3 Nem Y (cy 
Set FESR The uN RWC 
c= (1+ M2) 
y = function of y defined by Equation [6] 


INTRODUCTION 


There exists a considerable literature on the mean temperature 
difference in various types of heat exchangers; Bowman, Mueller, 
and Nagle (2) give a summary and bibliography of the subject 
which may be brought up to date by the addition of four more 
references (4, 5, 6, 9). With a single exception, the equations 
for all types have been derived on the assumption that the over- 
all heat-transfer coefficient may be considered constant through- 
out the exchanger. For many combinations of fluids this is a 
reasonably accurate assumption so it should not detract from the 
value of previous or subsequent work on this basis to recognize 
that in other cases this heat-transfer coefficient may vary be- 
tween rather wide limits, with consequent error in expressions 
for the mean temperature difference based on its constancy. 
(The over-all heat-transfer coefficient is commonly referred to 
as the “heat-transfer rate” or, more briefly, as the “‘rate.”” This 
concise terminology will be employed hereafter in the present 
paper.) 
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Nikuradse (9) and Colburn (3) considered the effect of rate 
variation in true counter- or parallel-flow exchangers and the 
latter showed that the logarithmic mean temperature difference 
could be used, provided the heat-transfer coefficients were cal- 
culated from the fluid properties at temperatures determined in 
a special way from the ratios of terminal temperature differences 
and heat-transfer rates; in this it was assumed that the rate 
varies linearly with the fluid temperature, a_ satisfactory 
compromise between physical accuracy and mathematical 
simplicity.’ 

It has been suggested by Sieder and 'Tate (11) that an average 
heat-transfer rate determined from Colburn’s equation may 
also be used for multipass exchangers in conjunction with a mean 
temperature difference calculated from Nagle’s charts (8) or 
Underwood’s equations (13), both of which are based on a con- 
stant rate. This procedure, in the absence of anything better, 
has had the qualified approval of Bowman, Mueller, and Nagle 
(2), and McAdams (7); that it may lead to error, however, may 
be observed from a limiting case. 

Consider a 1-2 shell-and-tube exchanger in which the shell- 
side film coefficient controls. It is desired to cool the shell fluid 
from 280 F to 130 F by heating the tube fluid from 100 to 150 F; 
the heat-transfer rate at the shell inlet is twice that at the outlet 
so, from Colburn’s chart, the average rate would be taken as 
1.33 times that at the outlet. However, the mean temperature 
difference correction-factor chart for 1-2 multipass exchangers 
shows that it would take infinite surface to reduce the shell fluid 
to 1380 F; this being the case, the average rate would be only 
infinitesimally greater than that at the outlet. Although this is 
an extreme example which would not even be considered in 
practice, it serves to indicate the error which may be involved 
in applying Colburn’s correction to types of exchangers other 
than that for which it was derived; this is also shown in Figs. 3 
and 4, about which more will be said later. 

Although the procedure recommended by Sieder and Tate is 
an improvement on the common practice of using an arithmetic- 
average rate, it is obvious that a more accurate method is needed 
to determine the effect of a varying heat-transfer rate on the mean 
temperature difference of multipass shell-and-tube exchangers. 
It is the purpose of this paper to furnish such a method for one of 
the more common cases, namely, exchangers in which the heat- 
transfer rate may be considered independent of the tube-fluid 
temperature, and hence a function of the shell-fluid temperature 
only. Such a condition is often encountered in petroleum- 
refinery work where viscous oils are cooled or, less fre- 
quently, heated by means of fluids with relatively high film 
coefficients. 


DERIVATION OF EQuaTIONS FoR 1-2M ExcHANGERS 


The basic assumptions made in the following analysis are 
the same as those customarily made, with the exception that 
the heat-transfer rate is not assumed constant; they may be 
summarized as follows: 

1 The rate of flow of each fluid is constant. 

2 The heat capacity of each fluid is constant. 


3 There is no condensation of vapor 
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6 There is equal heat-transfer surface in each shell pass and 
in each tube pass. 

7 The heat-transfer rate is a function of the shell-side fluid 
temperature only. - ‘ 


It is necessary to consider two cases, one with the shell fluid 
entering at the stationary head end, and the other at the floating 
head end of the exchanger, as shown in Figs. 1 and 2, respectively. 
Each exchanger is considered to have an even number (2) of 
tube passes (MV counterflow and M parallel flow). 


Fie. 1 Diagram or 1-2M Mutrieass Hear ExcHaANGeR WITH 
SHELL Fuurp ENTERING AT STATIONARY Heap END OF SHELL 


i , 


Fie. 2 Diacram or 1-2M Mutripass Hear ExcHancer WITH 
Suet, Fiuip Enrerine at Firoatine Heap END ofr SHELL 


For the case where the shell fluid enters at the stationary head 
end, it is found that the mean rate-temperature difference 
product (U At)m is given by 


s UT, — T2) 
At). = —————— ac aill 
(U At) ORI, (1] 
where 
21 —dz 
i 
Tao U, 60 
(Mz? + 2(11—MR)z—2R]| 1 +{ ——1 }- 
0 U2 A; 
and 


z 


or boiling of liquid in part of the ex- 
changer. 

4 Heat losses are negligible. 

5 The temperature of the shell-side fluid is uniform over any 
cross section, 

3 Since the present article was written a paper by M. G. Larian 
has been published (14), indicating the error involved in the as-~ 
sumption of linear rate-temperature variation for counterflow 
exchangers. In general, the accuracy of this method is good; the 
maximum error indicated in the examples given is 5 per cent. 


WV {n + (Mz + (1— MR)]}}1~ 8/7 {5 — [Mz + (1 —MR)]} 1+ MR 


. [3] 


The detailed derivation of these equations and those that 
follow is given in the Appendix. 

When the shell fluid enters at the other end of the exchanger, 
the corresponding results are 
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where 
Y2 dy / 
ae a) 
,=M U, y 
[My?—2(1 + MR)y + 2] =| (e =i (: =| 

Us, Wi 

and 
7] 

a . (6) 


It is obviously impossible to write the solutions to Equations 
[1] and [4] directly, and a very tedious process of graphical or 
numerical integration would have to be followed to obtain 
solutions were it not for the relations brought out in the following 
sections. 


Crossrtow Wire Bora Fiuips Mixep 


A special case, the importance of which will appear in the next 
section, occurs when M —' ©, i.e., crossflow with both fluids 
mixed. For this condition, a formal integration is possible, and 
Equations [1] and [4 t] both reduce to 


U2(L, — T2) (6 — U1/U2) 
Ginsu.) 


(U At)m = Blizal 


where 


in which P and R are the customary dimensionless parameters 
and F, in this case, is the mean temperature difference correction 
factor for mixed crossflow exchangers with constant rate (2, 
4, 12). Equation [7], of course, applies to exchangers in which 
the fluid whose temperature change is (7; — T2) is responsible 
for variation in the heat-transfer rate. Although there may 
have seemed to be a tacit assumption in all the foregoing that 
T is greater than ¢ (and hence that T; > T2), this is not neces- 
sarily the case; therefore, Equation [7] may be used for either 
hot- or cold-fluid controlling, provided proper care is exercised 
in assigning numerical values to 71, T2, Ui, ete. The value of 
(U At)m will be negative if T, > T1, but this merely signifies that 
the flow of heat is from the fluid whose temperature is ¢t to the 
other. 


Merrnop OF PRESENTING RESULTS 


Having determined numerical values for (U At)m, the question 
arises how best to present them. In view of Sieder and Tate’s 
suggestion (11), the most obvious system would be to present 
correction factors F'’, by which the logarithmic mean temperature 
difference should be multiplied to obtain the mean tempera- 
ture difference to be used in conjunction with heat-transfer rates 
determined from Colburn’s chart. If this method were exact, 
a single series of curves independent of the value of U;/U2 or 
the direction of flow should result and, furthermore, they should 
coincide with those presented by Nagle (8) for exchangers with 
constant rate. Colburn’s equation for counterflow exchangers 


may be written 
pete VU 
1— a aie 


10 
ied [9] 
- —- ae 
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Then from Equation [1] or [4] 
1—P U; 
JAN Al 
jal [n(=%) rf 4 
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where J represents either J, or I, depending on the direction of 
flow. Fig. 3 shows that distinct curves are obtained for each 
value of U;/Us, which would necessitate preparation of separate 
charts for different values of U,/U2 in addition to Colburn’s 
chart. 
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Another system would be to present a Colburn-type chart for 
multipass exchangers permitting calculation of the fluid tempera- 
ture at which the heat-transfer rate should be evaluated to arrive 
at the average value to be used in conjunction with Nagle’s 
curves and the logarithmic mean temperature difference. 
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From Equation [1] or [4] 


‘ al let 
P, =———__ (" \1— Pr} | 


[Us Tt Sree 


This cannot be reduced to terms of U;/U2, Ate/ At, and F, only, 
as is the case for counterflow exchangers, so separate charts 
like Colburn’s would have to be made for different values of P. 
One such chart (for P = 0.2) was prepared to show the dis- 
crepancy between Colburn’s curves for counterflow exchangers 
and those for multipass exchangers; see Fig. 4. 

In each of the foregoing systems two correction factors must 
be used, one for rate and one for mean temperature difference. 
The author believes it preferable to present the numerical results 
in the form of a single factor which corrects both at the same 
time. Since it is common practice to evaluate the average heat- 
transfer rate at the arithmetic-average temperatures of the fluids, 
this has been used as a basis, i.e. 


CUAL) geod Fe ans Ate eee eee [14] 
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For mixed crossflow, these become 
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The derivation of the last equation has been given previously 
(4). Fora given value of R, ¢ may be assumed and P calculated 
from Equation [18]; knowing corresponding values of P and 
¢, F and Fg may then be found. 


Discussion or NUMERICAL RESULTS 


In exchangers with constant heat-transfer rate, it has been 
observed (1, 2) that the mean temperature difference correction 
factors are practically independent of the number of tube passes 
per shell pass in the useful region of the charts (say, above F = 
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0.7); this is true even with infinite tube passes, or mixed cross- 
flow. Assuming that the same situation might exist under the 
conditions of the present investigation, the author first calculated 
values of Fg for mixed crossflow with U;/U., = 2, 3, 4, and 5, 
from the relatively simple Equations [16], [17], [18]. The results 
are given in Table 1 and Fig. 5; values for Ui/U2 = 1 (constant 
rate) are also included since, to the best of the author’s knowledge, 
they have not been published before in this form. Then, by 
the more laborious process of integrating Equations [2] and [5] 
by the method given in the Appendix, values of Fg for 1-2 
exchangers were calculated for several values of P, R, and 
U,/U2 to see what error might be involved in using the cross- 
flow data for any number of tube passes. Fortunately, this error 
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was found to be only 1 to 2 per cent in the region of the charts 
which would normally be used, and it was concluded, in view 
of the approximation involved in the assumption of linear rate 
variation, that the numerical data, given in Table 1 and Fig. 5, 
are sufficiently accurate for engineering purposes, regardless of 
the number of tube passes. 

One result of the investigation into 1-2 exchangers was to show 
that the correction factors are somewhat higher when the shell 
fluid enters at the floating head end of the exchanger than they 
are when it enters at the opposite end, if the shell fluid is being 
cooled. This is in contrast to exchangers in which the tube- 
fluid film coefficient is variable and controlling, where it has been 
shown preferable to have the shell inlet at the stationary head 
end when the shell fluid is being cooled (4) and to exchangers 
with constant rate, in which it makes no difference which end of 
the shellis the inlet. These two correction-factor curves straddle 
the corresponding curve for mixed crossflow and the spread 
between them decreases as U;/U: approaches unity. This 
difference must also decrease as the number of tube passes 
increases, since it disappears entirely when M = ©. An idea 
of the magnitude of the discrepancy between the correction 
factors for 1-2 exchangers and those for crossflow may be had 
from Table 2, which lists values for R = 0.2, 1.0, and 4.0 with 
U,/U. = 5. The errors for smaller values of U;/Uz2 are less. 


TABLE 2 COMPARISON OF CORRECTION FACTORS FOR 
CROSSFLOW AND 1-2 MULTIPASS EXCHANGERS 
Ui 

= Fe for Ue 5 
Cross- Error, Error, 
R {zs flow 1-22 percent 1-26 per cent 
0.2 0.3 0.817 0.813 0.5 0.821 —0.5 
0.5 0.798 0.788 1.3 0.806 —1.0 
0.7 0.746 0.729 2.3°¢ 0.790 —p.. 2% 
0.8 0.676 0.653 3.5¢ 0.778 —13.1°¢ 
1.0 0.2 0.792 0.792 0.0 0.795 —0.4 
0.3 0.753 0.753 0.0 0.762 —1.2 
0.4 0.693 0.687 0.9 0.705 LT 
0.5 0.561 0.552 1.6¢ 0.600 —8s.0°¢ 
4.0 0.05 0.802 0.801 0.1 0.803 —0.1 
0.10 0.761 0.758 0.4 0.764 —0.4 
0.15 0.689 0.684 0.7 0.698 —1.3 
0.20 0.496 0.480 3.3¢ 0.523 —§.2° 


® Shell fluid enters at stationary head end. 

6 Shell fluid enters at floating head end. 

© Ui/U2 = 5 is probably higher than any value which will be encountered; 
also, simultaneous low values of R and high values of P and U:i/U2 are 
impossible. Therefore, errors of these magnitudes will not occur in practice. 


Attention should also be called to the fact that the correction 
factors Fg do not approach unity as a maximum as they do for 
constant rate, but rather a value 


which, for all cases except Ui/U2 = 1, is less than unity. 


OrsER Mopes oF VARIATION OF U Wirx 7 


Inasmuch as the close correspondence between the correction 
factors for mixed crossflow exchangers and those for multipass 
exchangers has been observed to hold for a heat-transfer rate 
varying linearly with the shell-fluid temperature as well as for 
constant rate, it seems reasonable to assume that a similar corre- 
spondence would exist for other modes of variation of U with T. 
For mixed crossflow (M = ©), the temperature is given by 


¢—1 
Tm Tat (Tit Tey ——— ) ah. 
i A =) [20] 


and the mean rate- temperature differenee product by 
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where 
¢ = (1+ Mz) 
It may be shown that 
ie Oot ME Mee ack fee [22] 
so, from Equations [8] and [14] 
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Obviously, a formal integration is possible for many laws of vari- 
ation of U with T besides the linear expression used in this paper. 
For example, if U can be represented by a second-degree equation 
in 7’, the integrand in Equation [21] or [23] becomes a standard 
form which is found in most integral tables; the resulting expres- 
sion for Fg is rather unwieldy and is not suitable for graphical 
representation since it includes a fourth parameter involving 
another ratio of heat-transfer rates in addition to the three, 
P, R, and U;/Us2, previously used. 

Thus, should the need arise for a more accurate estimate of 
surface requirements than may be had by means of the assump- 
tion of linear rate variation, Equations [20] and [23], together 
with the table of correspondences between R, ¢, P, and F (Table 
1, first four columns), provide a means to this end. 

As previously stated, it is customary to evaluate the average 
heat-transfer film coefficients, and hence the average rate, at the 
arithmetic-average temperatures of the fluids. Obviously, the 
result obtained in this way will be the same as the arithmetic 
average of the inlet and outlet rates only when the rate variation 
is linear with temperature; therefore, there is some question as 
to which rate to use with the correction factors, /g, when this 
law is not strictly followed. It will be conservative to use which- 
ever of the two values is the lower but more accurate to use the 
average between them. 


TusBE-SipE Fitm ConTROLLING 


In an earlier paper (4) the author gave an approximate method 
for obtaining the mean temperature difference correction factor 
in 1-2 heat exchangers with the tube-fluid film controlling; in 
this, the ratio, K, of the average rate in the counterflow pass to 
that in the parallel-flow pass was used as the parameter measuring 
variation of heat-transfer rate. As explained in the section on 
mixed crossflow, Equation [7] of this paper gives a more accurate 
value for exchangers with many tube passes. Pending develop- 
ment of exact expressions for 1-2, 1-4, etc., exchangers these 
two methods can furnish estimates of the mean temperature 
difference when the tube-fluid film coefficient is variable and 
controlling. However, it is not to be expected that the results for 
this case will be independent of the number of tube passes per 
shell pass. 

When neither fluid film may properly be said to control, 
judicious interpolation between a value obtained from Table t 
or Fig. 5, and one determined by the method of the preceding 
paragraph, should give a reasonably accurate result. 


Excuancers Witu Moret THAN ONE SHELL Pass 


The extension of the results for single-pass exchangers to those 
with more than one shell pass when the rate is variable is by no 
means so simple as it is when the rate is constant (1, 6). The 
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extent of the work involved is sufficient to warrant separate 
treatment and it has therefore been decided to make this the 
subject of a later paper. 


EXAMPLE AND CoMPARISON WitH Previous Mrtuops 


The use of the correction factors given in this paper is illus- 
trated in the following example: 

It is required to cool an oil in the shell of a multipass exchanger 
from 520 F to 220 F, while heating a light hydrocarbon liquid 
from 100 F to 200 F, thereby exchanging 7,000,000 Btu per hr. 
The shell-inlet nozzle is located at the stationary head end of © 
the exchanger and the heat-transfer rate at this end is found to 
be 94 in the tube-inlet pass and 98 in the tube-outlet pass; clearly, 
the shell-fluid film controls, so an average value of U; = 96 is 
taken. At the other end, U, = 32 and a further calculation for 
an oil temperature of 370 F gives a rate of 62. Since this is very 
near the value of 64 which would be expected for linear variation, 
the methods of this paper may be applied. Theyarious parame- 
ters are evaluated thus 


520—220 
R = —— = 30 
200—100 
200—100 
j EDS, 
520—100 S 
ee ane, 
Up 20k le 
Atiog = 204 F 


Then, from Fig. 5, Fg = 0.665, and, using the rate at average 
temperature, 62, the surface requirement is 

7,000,000 

~ 62 X 0.665 X 204 


= 833 sq ft 


If Colburn’s and Nagle’s charts were used for this case, the 
average rate would be computed at 320 F resulting in a value 
of 58. The mean temperature difference correction for R = 3.0 
and P = 0.238 is 0.855, so the surface would be 


uy 7,000,000 
~ 53 X 0.855 X 204 


= 757 sq ft 


An exchanger designed by Sieder and Tate’s method would 
therefore be about 10 per cent undersurfaced for these conditions. 
This is not serious, however, compared to the result obtained if 
no account is taken of rate variation, which would be 


7,000,000 


Ct a it 
62 X 0.855 X 204 


or an error of 29 per cent. 


SUMMARY 


1 For heat exchangers with a single shell pass and any even 
number of tube passes, in which the over-all heat-transfer 
coefficient U varies from one end of the exchanger to the other 
asa function of the shell fluid temperature 7’, only, expressions are 
derived for the mean rate-temperature difference product, 
(U At)m, in terms of a single variable. These expressions are 
integrated for the case of linear variation of U with T, and it is 
found that the results are practically the same regardless of the 
number of tube passes or the direction of flow of the shell fluid 
(Table 2). 

2 The results are presented in the form of correction factors 
Fg, by which the logarithmic counterflow mean temperature 
difference Atiog, and the arithmetic-average rate, Uayg, may be 


multiplied to obtain (U At)m. In any specific case, this factor 
is determined from a knowledge of the two parameters, P and 
R, which depend only upon the inlet and outlet temperatures, 
by entering Table 1 or Fig. 5 with the appropriate value of the 
ratio of inlet to outlet rate, U;/U2. 

3 An example of the use of these correction factors is given 
and a comparison made between the result which would be 
obtained without correction for rate and with that for the 
method of correction suggested by Sieder and Tate (11) based 
on Colburn’s (8) and Nagle’s (8) curves. For the example 
cited, the latter method underestimates the surface requirement 
by 10 per cent, and the former by 29 per cent. 
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Appendix 


The basic equations required to arrive at the results given in 
the present paper were given by the author in a previous paper 
on multipass exchangers with unbalanced tube passes (4) so their 
derivation will not be given here. For an exchanger such as 
that shown in Fig. 1, it was shown (see Equations [1, 9, 13, 15] 
of reference 4) 


dA MR(A, + A,)dz 24] 
WC U,A,[Mz? + (K + 1)(1— MR)z— R(K + 1)]"" 
dx 2 —(Mz + 1)dz (25) 
Pii2t hs (he 1) (th MR)z — Reet) 
where 
K = UA,/U,A, and R = we/WC = (T; — T2)/(t — th) 
(HD) (T—T.) .. 
A i Oe AR ey Wine e120] 


These equations are valid only when the heat-transfer rate for 
all counterflow passes is the same at a given cross section, and the 
same is true for the parallel-flow passes. 

By assumptions 5 and 7, the heat-transfer rate in the counter- 
flow passes is the same as that in the parallel-flow passes at the 
same cross section and, by assumption 6, A, = A,; therefore, 
K = 1 and, replacing U, and U, by U, where U is now considered 
a variable, Equations [24] and [25] become 


dA 2M Rdz 
=~ Seine a4] 
WC U([Mz? + 211 — MR)z — 2R] 
—(M 1)d. 
ae ji MERIT ae eS Pe tel [25a] 
G Mz? + 2(1 — MR)z — 2R 
For any exchanger whatsoever 
WC(T,; — T. 
(U At)m = ee AE ee ee [27] 
so, from Equations [24a] and [27] 
(i ib) 
(UAt\m = : 
; dz .. [28] 
2ME J Ul(Mz + 2(1— MR)z— 2R] 
In this, a = (T, = T>)/(MT2 = ty = ty ee st) It is found 


that the unknown temperatures ¢,, tz, etc., may be eliminated 
from this expression in exactly the same way as for exchangers 
with constant rate (4), i.e. 
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PE 
spt M 1 [29] 
M(1— PR)—P | a te 
where AUG hs 
] = ee EA er tore 30 
Sa ike [30] 
Equation [27] might also be written 
UmAtii= Ul, E Aticge— sWiG CE —— els) / Aamir [27a] 


where F is the mean temperature difference correction factor 
derived on the assumption of constant heat-transfer rate. Sub- 
stituting the value of Afog and combining Equations [27a] and 
[30] 


Since values of F, or equations for calculating them, are already 
available (2, 4, 8, 12), z, may be evaluated. Note that for 1-2 
exchangers (M = 1) 


To complete the information necessary to integrate Equation 
{1], an expression for 7 in terms of z is required. From Equa- 
tions [25a] and [26] 


6 
Di ier sire TD) ai ee ea [32] 
1 


where @ is given by Equation [3]. 

It is interesting to observe that this result is entirely inde- 
pendent of the law of variation of heat-transfer rate with shell- 
fluid temperature. 

When the shell fluid enters’ at the other end of the exchanger, 
Equations [24a], [25a], and [26] become, respectively 


dA —2M Rdy 


SA Sr ae. Sa ae ae TE Le D datahae a te 33 
WC U[My?—2(1 + MR)y + 2R) [33] 
du (1 — My)dy [34] 
us Ty? 20. SM R)y eRe eee 
i (7) —T) (Derr) ae, 
4 * (MT, —t'—t"— .. 12M—D) spunine 
Also, in place of Equations [28] and [29] 
T,—T: 
(TMD, = (T, —T») 
i i —dy . [36] 
2MR J U(My?— 20 + MR)y + 2F] 
PR 
[37] 
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The subscripts on y are taken in the same way as those on T’, 


so that when T = T;,y, = 0. When M = 
Ne == Sah ca eae eee EOS 
Finally, corresponding to Equation [32] 
y 
a, T. + (T; — T2) nr? objet hleye dpetene [39 ] 
} 


where y is given by Equation 6. 
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Equations [27], [27a], [830] and [8] are valid for either case. 

(U At)m may be determined from Equations [28], [32], and [3], 
or [36], [89], and [6], by graphical integration or otherwise, for 
any law of variation of U with T. In the following, the author 
has assumed with Colburn (8), that the variation in rate is linear 
with the shell-fluid temperature, so on this basis 


for exchangers with the shell fluid entering at the stationary head 


end, or 
U, y 
U = v,| =. (a 1) (: = een [41] 


for those where it enters at the other end. Substitution of 
Equation [40] into Equation [28], or Equation [41] into Equa- 
tion [86] gives Equations [1] and [4], respectively. 

Sherwood and Reed (10) describe a method of numerical 
integration due to Gauss which, in effect, fits an nth-degree 
equation to the actual function between the limits of integration 
by the use of only (n + 1)/2 points. The author finds that four 
points give accuracy comparable to graphical integration in the 
present case so the following general expression has been used 
throughout 


frou = 
0 


vf 0.201 [f(0.33 v) + f(0.67 v)] + 0.1739 


[f(0.06945 v) + (0.93055 »)] \ Brodsanh Ee) 
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Experimental Confirmation of Predicted 
Water-Freezing Rates 


By R. A. SEBAN! ann A. L. LONDON? 


A general approximate method for the solution of the 
freezing problem, with applications to ice formation at 
spherical, cylindrical, and plane boundaries, has been pre- 
sented in a previous paper (1). Numerical examples 
therein, applying the analysis to similar systems for which 
test data were available, indicated good agreement be- 
tween prediction and test results. Test data on an actual 
system closely analogous to an ideal one of the analysis 
are presented in the present paper, and the agreement 
with the predicted values validates the approximations of 
the analysis. Measurements of times of complete freez- 
ing in food.products of high water content indicate 
applicability of the analysis, although with less accuracy 
than in the case of pure water. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


c = ice unit thermal capacity, Btu per lb per deg F 
dy = unit thermal conductance to surroundings at temperature 
t (below the freezing point), Btu per sq ft per deg F 
per hr 
k = unit thermal conductivity of ice, Btu per sq ft per deg F 
per ft per hr 
l = length of substance contained in test cylinders, ft. 
scripts 2 for ice, w for water 
L = latent heat of fusion of ice, Btu per lb 
m = weight fraction of water contained in food substances, 
Ib/Ib 
r = radial position of growing ice vaurises (sphere or cylinder), 
ft 
ty = temperature of surroundings (freezing point datum), deg F 
x = position of growing ice surface (slab), ft 
a = half-thickness of ‘‘double-slab,” ft 
p = density, lb per cu ft. Subscripts, none for ice, w for 
water, s for substance having water content m. 
time, hr 


Sub- 


=) 
ll 


Dimensionless moduli: 
r* = r/ro, a generalized radial position employed for cylinder 
and sphere problems 
horo howto 


R* = Wian? , generalized surface resistance 


—tok ; : 
rt = ( L ) 7, generalized time employed in cylinder and 
pLro 


sphere-problems; for ‘“‘double slab,” the form is similar 
with 79 = 2% 
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x* = x/x, generalized position employed in “double-slab”’ 
problem 


INTRODUCTION 


7 

A simplified analysis for the determination of the rate of freez- 
ing at a boundary, in which the liquid phase was assumed at the 
freezing temperature, has been previously presented (1). 

Application of this analysis to the problem of freezing at cy- 
lindrical, spherical, and plane boundaries, with.a unit thermal 
resistance, 1/ho, between the boundary and the coolant, led to 
results expressing time required for the formation of a given 
thickness of frozen material. For inward freezing from the 
boundary of a right circular cylinder, the result is of the form 


= 5 les ré E a 1| (uae) [1] 


For inward freezing from a spherical boundary, the result is 
of the form 


t) (rs) 3 rt) Eye [2] 


For inward freezing from both surfaces of a slab of infinite 
lateral extent and of thickness 2, the result is of the form 


eae a (beret ot ; Case). dees! [3] 


The symbols having the asterisk superscript represent dimen- 
sionless moduli, which are defined as follows: 


, . —tk —tk 
Generalized time, r* = —— r, —— 
pLax? ~ pLro? 
: : hora hore 
Generalized thermal resistance, R* = see 7 
. coer af r Zz 
Generalized growing ice surface position, r* = —, z* = — 


To Xo 


The slab, cylinder, and sphere systems are indicated in Fig. 1. 

The time for complete solidification of the volumes within 
these boundaries may be obtained by making the term 7* (or z*), 
in the foregoing equations, equal to zero. Thus the following 
equations are obtained 


For the cylinder 


ilar rag 1 
Tk =0 ana) eto, oyetteteneiena a rctana's [4] 
For the sphere 
yea 1 
7 **=0 ee) as fae 8) 
For the ‘‘double” slab 
1 1 
pet) Re + Bitterness [6] 
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The times of complete freezing for the cylinder and sphere are, 
respectively, one half and one third the time of complete freezing 
for a slab having a thickness 2x) equal to the diameter of the 
cylinder or sphere. 

To indicate the variation of freezing time with conditions of 
freezing, Equation [6] is placed in dimensional form as Equation 


[7] 
play? { k 1 
T= Sl Wests cal cee a (7] 
—tok hoxo 2, 
FOR CYLINDER AND 
SPHERE 
m= Xo 
200) 
Mj 
5160 
z 
z 
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a 
~ 
280 - 
> 
40 
5 | 
0 60 180 
h BTY/ or Ft he) 
Fie. 1 Time or Comp_Lete FReEzING oF ‘‘DouBLE”’ Icr SLAB 


(For formation of a cylindrical ice surface, substitute ro for zo and multiply 
ordinate values by 1/2; for a spherical surface, substitute similarly and multi- 
ply ordinate values by 1/3.) 


The factor p represents the density of the frozen material, and 
in the case of the freezing of water, it is the density of ice. When 
the water is contained in another substance, such as foodstuffs, 
all the water so contained will be frozen, and p represents the 
density of the water frozen per cubic foot of region frozen. The 
product of the density of the material containing the water 
p;, and the weight percentage of water contained m, may be sub- 
stituted for p in Equation [7]. This procedure has been justified 
by Woolrich (4), for the calculation of the latent heat of food- 
stuffs and has been found applicable, in this analysis, for systems 
of high water content. Equation [7], with this substitution; be- 
comes 
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patet k ) 
r= | — +- 
—tok \Iot 2 

Fig. 1 reveals Equation [7] evaluated for magnitudes % = 
1/,, 1/4, and 1/2 in., for the freezing of pure water, with a cooling- 
fluid temperature of 0 deg F (t% = —32). The factor —t/32 
applied to the ordinate enables the evaluation of the freezing 
time for different coolant temperatures. 

The rapid approach of the time of complete freezing to a mag- 
nitude typical of that indicated for infinite surface conductance 
indicates, for the slab sizes considered, that increases in the freez- 
ing rate become small once conductances of about 100 Btu per 
sq ft per deg F per hr are obtained. 

To test the validity of the analysis leading to the foregoing 
results, particularly in regard to the assumption of uniform inward 
freezing and neglect of the thermal capacity of ice, measurements 
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Fig. 3 THeRMAL-ConpucTANCE DaTAa FOR 


have been made on the freezing of water contained in right cir- 
cular cylinders. 

To demonstrate the applicability of this analysis to the freezing 
of food products, measured times for complete freezing of some 
vegetables have been compared to times predicted by the analy- 
sis. 

The object of this paper is the presentation of these results. 
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Fie. 2 Winp TUNNEL AND REFRIGERATION ENCLOSURE 
(a, Top view with cover removed; b, vertical section.) 
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APPARATUS 


All test specimens were cooled by introduction of the speci- 
mens into the air stream of a small (8-in. X 8-in. flow cross 
section) refrigerated wind tunnel. The arrangement of the tun- 
nel within its cooled enclosure is revealed in Figs. 2(a), 2(b), 
which show the composition of the apparatus. Refrigeration 
was provided by a compressor unit of approximately 1/3-ton rat- 
ing. To prevent cycling and thereby insure the maintenance of 
constant air temperature in the tunnel at the desired operating 
conditions, the difference between evaporator energy absorption 
rate and the heat transfer into the enclosure was provided by an 
electric heater having a variable input control. The. average 
energy input from cooling the specimens was so small as to be 
negligible. 

Air velocities of 36, 31.38, 22.5, and 14.5 fps were made availa- 
ble by the use of orifice plates to throttle the discharge of the 
constant-speed blower. Velocities corresponding to particular 
orifices were determined by 24-point pitot-tube traverses of the 
duct at the test section. These traverses revealed the velocity 
to be uniform over the section within 4 per cent of the average 
magnitudes. 

At the test section, a wooden plate covered a 6-in. X 12-in. 
opening in the top of the duct. Test specimens were suspended 
from or introduced into the air stream through this plate. 

During the incomplete freezing runs, air-stream temperatures 
were determined by a copper-constantan thermocouple having an 
iced reference junction. In the complete freezing runs, air- 
stream temperatures were obtained by observation of a mercury- 
in-glass thermometer at the beginning and the end of the test 
period. The temperatures of the specimens were obtained by 
copper-constantan or iron-constantan thermocouples having an 
air-stream reference. During a run the air temperature re- 
mained constant within +1/4 deg F. 


ConpucTANCE DaTa 


For the tests on water cylinders, conductance data of greater 
accuracy than that available from the various empirical relation- 
ships normally quoted in the literature were desired. Therefore, 
solid copper cylinders of the same diameter as the cylindrical 
copper containers employed for the freezing tests were fabricated 
and the unit thermal conductances for them were obtained by 
the transient method (2). Conductances were obtained for 1- 
in. and for */s-in-diam cylinders, singly and in a staggered 
arrangement typical of the water-freezing tests, for air velocities 
of 36, 22.6, and 14.5 fps. Fig. 3 shows these data for single cyl- 
inders, and a comparison with the values recommended by Mc- 
Adams (3). <A size effect is indicated, and a 1/:-in-diam solid cyl- 
inder was also tested to examine its character further. This effect 
cannot be directly attributed to the finite width of the flow 
stream and it has been noted previously in tests made in a free 
jet (2). 

IncoMPLETE FREEZING OF WATER CYLINDERS 


Tests to validate the analysis were made for the incomplete 
freezing of water contained in l-in-OD and °*/s-in-OD copper 
cylinders. (Although the diameter of the water cylinders frozen 
corresponds to the inside diameter of these cylinders, reference 
to the tests will be made in terms of the 1-in. and °/s-in. con- 
tainer outside diameters.) Details of these cylindrical contain- 
ers are shown in Fig. 4 (a). Equation [1] predicts the freezing 
behavior of the water contained in the cylinders. 

In making the test, the test cylinder and two dummy cyl- 
inders were arranged in the duct in the positions shown in Fig. 
4(b). Locations B or C were used for the test cylinder since 
essentially equal conductance conditions were available at these 
points. 


The determination of term r*, the ratio of the radius of the 
water-ice interface to the radius of the container, was made gravi- 
metrically. The procedure justifying such measurement is in- 
dicated in the following development 


Mass of the ice = zopl, (ro? — r?) = 


l 
Ss 
s 


Original mass of water, xp,l,,7o2 = M. 


from Equation [9] 


é 
r? = 72 — 


oar 


and by a division by 7o? and a substitution from Equation [10] 


r \2 M; poli 
es eee, ee 
(*) Tr 1 Mice {11] 


The factor p,,/p has a magnitude of 1/0.92. Assumption of 
equal densities for ice and for water produces an error of 8 per 
cent in r*? and of 4 per cent in r*. This assumption was made 
and the error retained, for, in combination with an assumption 


rs AIR FLOW 
= 
e Zz 
Se 
4b 
w 
PARAFFIN 
CORK 
woop G 
es 
BOTTOM wa 


(a) (b) 
Fig. 4 Test-Cyiinper Derai, aND ARRANGEMENT OF CYLINDERS 
IN Ducr 


(Dimensions: 1-in. cylinders — ID = 0.932 in., OD = 1.002 in., mass = 
86.7 g. 5/s-in. cylinders — ID = 0.556 in., OD = 0.625in., mass = 51.7 g.) 


of l/l; equal to unity, the effect of the change in volume due to 
the change in phase was neglected and the error assumed in con- 
sidering p,,/p equal to unity partially compensated. 

In making the freezing tests, the cylinder to be tested was pre- 
cooled, then filled with ice water, weighed, and immediately 
placed in the tunnel, at which instant timing was begun. At 
the completion of the desired cooling period, as indicated by the 
stop watch used for timing, the cylinder was removed, drained 
of unfrozen water, and again weighed. 

These experimental magnitudes were compared to the predic- 
tion from Equation [1], in which the dimensionless terms were 
evaluated from the conductance hy (the product of the experi- 
mentally evaluated conductance for the solid test cylinder and 


TABLE 1 THERMAL PROPERTIES OF ICE 


PON Sib 4 Oy )L Dap Cis CU hilt biaral<rgtoi cia saseve\ asl ote) were) o1 dds ahaYavenas aust clpiae ata) svc unle 57.3 
Unit heat capacity, bn/ (deg Ub) oo... oe cee ee eerie «se cers 0.487 
Thermal conductivity, k, Btu/(hr ft? deg F/ft)................... 1.34 
Latent heat of fusion (at 32deg F), L, Btu per lb................. 143.4 
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“ 10) 2 4 6 8 10 12 14 16 
JT TIME min 
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(1-in, cylinder at 31.3 fps air velocity: —t: = 33.9 deg F (below freezing) ; 
ho = 21.6 Btu per (br ft? deg F); 7o = 0.466 in.) 
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Fic.7 Txrsr Resuvits ror INCOMPLETE FREwzING; §/3-IN. CYLINDER 
V ho (atro = 0.278in.) R* 


14.5 14.7 0.255 
22.6 19.0 0.329 
36.0 24.5 0.421 
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the ratio of the radii of the frozen material and conductance test 
cylinders), the measured cylinder radius 7, and the physical 
properties of ice as indicated in Table 1. Fig. 5 shows a graphical 
comparison of the test data with predicted magnitudes for the 
1-in. cylinder at one of the air velocities used. 

To consolidate presentation of the data, the test values for the 
remaining runs have been evaluated in terms of r* versus r* and 
these values are compared with those predicted from Equation 
{1] for the values of R*, corresponding to test conditions. Fig. 
6 gives data for the l1-in-diam cylinder, and Fig. 7, for the °/s-in- 
diam cylinder, in comparison to the curves representing the pre- 
dicted values. 

The majority of the experimental points are within 5 per cent 
of the predicted magnitudes and few exhibit deviations of greater 
than 10 per cent, and this is regarded to be an adequate check of 
the analysis. Consideration of the experimental error indicates 
the following possible discrepancies in the test measurements: 


(a) Air temperature, 1/, deg F, or about 0.8 per cent of the 
measured magnitudes of —t. 

(b) Unit thermal conductance ho, about 2 per cent, since these 
were determined for the test positions. 

(c) Radius ratio, less than 3 per cent, as already indicated, 
although there existed a possibility of small additional error due 
to fusion in the time between the removal of the specimen from 
the duct and the final weighing. 


The measured freezing time contains an error produced by the 
thermal capacity of the copper container. The effect of this 
capacity may be approximated by considering it as lumped at the 
outer surface (radius ro) of the ice layer and then employing 
the considerations of the previous paper (1). This procedure 
reveals that the maximum error is less than 1.5 per cent and that 
the maximum error occurs at the beginning of freezing. The 
error decreases thereafter. The capacity of the copper cylinder 
per unit transfer area is similar for both cylinders and so the error 
is similar for both. 

In combination, these estimated experimental errors lead to an 
expected error of 5 to 7 per cent in the evaluation of r* as a func- 
tion of +* from the experimental data. The computed results 
are of this order of accuracy and, consequently, the combined 
action of nonuniform freezing and neglect of the thermal ca- 
pacity of the ice in contributing to the deviation of actual from 
predicted results are of no greater significance than the mag- 
nitude of the indicated error. 


ComMPLETE FrpEpzine Tests; WATER 


The method of test used for the partial freezing determination 
is not applicable to systems in which the unfrozen water is not 
separable from the ice. Foods are such systems, and it was de- 
sired in particular to examine the applicability of the analysis to 
the prediction of the freezing times of food products. For such 
systems measurements of the center temperature as a function 
of the time served to indicate the time of complete freezing by a 
break in the temperature-time curve. 


TABLE2 TIMES OF ines aay ae FOR WATER CYLIN- 


Cylinder Air. Number Times Error, 
diameter, velocity, of runs Actual, Predicted, per 
in. fps averaged min min cent 

1 36.0 3 17.8 19.1 — 7.3 

22.5 3 22.3 23.4 — 4.9 

14.5 3 26.0 28.8 +10.8 

5/5 36.0 1 9.0 8.9 - 1.1 

22.5 4 10.8 10.9 — 0.9 

14.5 2 12.9 14.0 + 8.5 

Nore: The experimental times are corrected to an air temperature of 0 


deg F. 
The error of any one of runs was within 2 per cent of error of averaged 
runs. 
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TABLE 3 FREEZING TIMES OF FOODSTUFFS 


Per cent 
water,’ Density,° 
Foodstuff Geometry? m ps 
MERLE OG. Joa ta belenaters ¥' Sei: erature l-in-diam cylinder 88 61 
MTUGUED OL 6151 o5)sisteie thele o.Se 2 1.2-in-diam cylinder 96 62 
BEBVUDOTD sis ess wis ao ol aslale os Wht aye 1.2-in-diam cylinder 94 62 
PROMUAEO Siac cibiste eal ele ccalacene 2.4-in-diam sphere 95 62 


a All cylindrical specimens were approximately 4 in. long. 


The carrot was pared so as to make a 1 in-diam cylinder. 


Freezing Air -—Freezing time— 
temperature, Velocity, Temperature, Actual, Predicted, Error, 
eg F fps deg F ho min min per cent 
29.5 35.9 -1 18.7 18.5 21:7 17 
30 35.9 —4.3 17.6 24.5 28.0 14 
30 35.9 —4 17.6 25.0 27.8 11 
31 35.9 —4 15.1 56.5 50.0 11 


The other vegetables were tested as 


obtained, and the dimensions given were those assumed at the thermocouple section. 


b Reference (4). 
c Carrot measured, others estimated. 
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To investigate the applicability of this technique, experiments 
were first made on pure water, using the same two cylinders em- 
ployed in the partial freezing tests. A spacer and stiffening 
wire were used for the copper-constantan thermocouple in the 
1-in. cylinder but for the °/;-in. cylinder these were discarded be- 
cause of space limitations and iron-constantan thermocouples 
adopted because of the greater rigidity of this wire combination. 
A gage was used to orient the couple, and the thermocouple posi- 
tion was within 1/;, in. of the cylinder axis. 

A typical temperature-time history for the center position of a 
pure-water cylinder is indicated in Fig. 8. The initial tempera- 
ture is above the freezing point by several degrees, since some 
heating occurred during the transfer of the cylinder into the test 
duct. This effect is small, and freezing of the water at the cylin- 
der walls begins almost immediately after the beginning of the 
timing period. Complete freezing is denoted by the break in 
the curve at point A, indicating the freezing of the fluid at the 
thermocouple position, after which ice subcooling occurs. 

Freezing times so obtained are compared with times predicted 
by the analysis in Table 2. Agreement between experimental 
and predicted values is within 10 per cent and this was regarded 
as a satisfactory check of the analytically predicted magnitudes 
and served to establish the technique for use in the determination 
of the time of complete freezing. 


FREEZING or Foops 


Freezing times were obtained for various vegetables by taking 
temperature-time histories in a similar manner. A carrot, rhu- 
barb, cucumber, and tomato were tested. Temperature meas- 
urements were made by means of an iron-constantan thermo- 
couple inserted into the vegetable in as nearly a central location 
as possible. 

Fig. 8 and Table 3 present the results of these tests. The 
freezing curves for the vegetables differ in form from those for 


pure water because of the effect of the solution constituting the 
liquid phase of the foods. The lowering of the initial freezing 
point is indicated. Further, there is a progressive reduction of 
the freezing point as the freezing progresses and increases the 
concentration of the solution. This effect makes the break in 
the freezing curve less sharp and so the determination of the 
time of “‘complete’’ freezing less accurate. This time, as meas- 
ured, was defined as the point indicated by the intersection of the 
relatively straight portions of the freezing curve before and after 
the marked change in slope. In addition to this effect in the 
experimental freezing time, deviation between the test and pre- 
dicted freezing times is due to geometrical irregularities in the 
specimens and to uncertainty regarding magnitudes of thermal 
conductances and food properties necessary to the calculation 
of the predicted freezing time. 

For the carrot, cucumber, and rhubarb, unit thermal conduct- 
ances were taken as for single cylinders, using data as obtained 
experimentally in the tunnel. The magnitudes of the experi- 
mental conductances were changed to apply to the average di- 
ameter of the food. Since the cucumber and rhubarb were 
tested as obtained and were consequently irregular in section, 
the conductance as evaluated was only an approximation. The 
carrot was pared to cylindrical form and for it the conductance 
could be used with more confidence. For the tomato, the unit 
thermal conductance was evaluated as for a sphere (2). 

Thermal conductivities were taken as for pure ice, since the 
water content of the vegetables tested was high and so the major 


‘ portion of the heat-conduction path through the frozen region 


would be through ice. Further, the conductivity of the re- 
maining material probably does not differ materially from that 
of ice. 

The product of the latent heat of fusion and the density of the 
material frozen was evaluated as mp,L, as suggested by Wool- 
rich (4). 

The value of the radius re, from the thermocouple to the out- 
side of the presumed circular section, was an average for the 
actually irregular section tested. 

The results of the food-freezing tests indicate that the approxi- 
mate analysis presented may be used to predict freezing times 
with fair approximation. The major uncertainty appears in the 
thermal-conductivity magnitude to be employed in making the 
prediction, particularly in those cases where the water content of 
the food to be frozen may be small. 


CoNCLUSIONS 


1 The experimental results for times for complete freezing of 
water cylinders check values as predicted from the approximate 
analysis previously presented. The error of this check is within 
the limit of the error of the experimental apparatus and technique 
employed in securing the data. 

2 Application of the approximate analysis to the prediction of 
the times of complete freezing of vegetables of high water content 
indicates agreement between experimental and predicted results 
which is within the limits of accuracy which obtain for available 
heat-transfer data and for the physical constants for the sub- 
stances involved. 
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Investigation of Friction and Wear Under 
Quasi-Hydrodynamic Conditions 


By R. G. LARSEN! ann G. L. PERRY}! 


A laboratory study has been made of the factors which 
influence friction and wear by additive-containing mineral 
oils under conditions intermediate between those of hydro- 
dynamic and true boundary lubrication. The concentra- 
tion of a number of sulphur and phosphorus compounds 
required for minimum wear yaries over a wide range. 
The minimum effective concentration is determined by 
the presence in the molecule of acidic groups which con- 
centrate the additive at the wearing surfaces. Organic 
acids were the only polar substances found which lead to 
an appreciable reduction in friction. This is believed to 
be related to their ability to react with the metal surface. 
Marked simultaneous reduction of friction and wear was 
not achieved by using a combination of an antiwear and 
an antifriction agent. Under the conditions of these experi- 
ments it appears that wear is predominantly a corrosion 
process. 


INTRODUCTION 


NDER conditions of hydrodynamic lubrication moving 
parts are completely separated by a film of oil. The 

thickness of this film depends entirely upon the viscosity 
of the oil, the sliding velocity, and the load. The coefficient of 
friction under such conditions increases linearly with ZN /P, the 
product of viscosity and velocity divided by the pressure, as 
illustrated in Fig. 1 (right-hand branch of the curve). Here 
proper viscosity is the primary requirement of the oil. 

With decreasing values of ZN/P, the coefficient of friction 
passes through a minimum value and then rises rather steeply. 
This region has generally been regarded as the beginning of 
boundary lubrication, i.e., where the oil film breaks down per- 
mitting metal-to-metal contact, high friction, and wear. Vis- 
cosity of the oil is no longer its predominant characteristic; 
“oiliness” and “film strength” are the terms commonly used to 
designate the rather elusive properties of oils which improve lubri- 
cation under boundary conditions. 

In a recent series of articles, Beeck? 3:4 and others of these 
laboratories have presented the concept of ‘‘quasi-hydrodynamic 
lubrication.” They define true boundary lubrication more 
stringently than heretofore, considering that it is a condition in 
which the coefficient of friction is entirely independent of vis- 
cosity and of sliding velocity. This condition is represented by 
the left-hand horizontal portion of the curve in Fig. 1. Between 
this portion of the curve and that for hydrodynamic lubrication 
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1944, of Tam AmmriIcan Socinry oF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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is a transition region in which lubrication is called partial bound- 
ary or quasi-hydrodynamic. Their experiments showed that 
the velocity at which this transition occurs could be reduced 
by the addition to oils of substances such as acids and ketones 
which lead to the formation of built-up films on the surface of 
the metals. These materials induce what may be called a 
“wedging effect,’ i.e., they aid in carrying a film of lubricant 
between rubbing surfaces. 

The strongest evidence for the existence of the quasi-hydro- 
dynamic region, aside from the variation in the coefficient of 
friction, was obtained by a study of the electrical resistance 
between moving parts. Under true boundary conditions resist- 
ance was low, of the order of a few ohms. Above a critical 
velocity, resistance became very high, over 10,000 ohms, al- 
though true hydrodynamic conditions had not yet been reached. 
It was concluded that the metal surfaces were being separated 
by a film of lubricant under conditions of load and speed where 
it is normally considered that the film of Jubricant has been 
squeezed out. ‘“‘Oiliness’” may be associated with the ability 
of the lubricant to induce this quasi-hydrodynamic state. 

The experiments just described were made to obtain a better 
understanding of physical phenomena involved in lubrication. 
The conditions of speed and temperature chosen to serve these 
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ends were not, however, as severe as those encountered in many 
applications, and the study was not intended to furnish direct 
answers to practical problems. In fact, most of the classical 
studies of lubrication have been made under conditions quite 
different from those occurring in actual practice. In the present 
studies, an attempt has been made to clarify the relation between 
friction and wear under conditions more closely approximating 
those in actual machinery. It is realized, however, that the re- 
sults obtained still fall short in that no formulas are put forward 
that are directly applicable in service. Also, there are many 
factors that must be taken into account in practice apart from 
friction and wear. It is hoped that the following discussion will 
clarify some part of existing practical experience. 


DESCRIPTION OF APPARATUS AND Irs APPLICATION TO STUDY OP 
Whar 


The machine which has been used in the present study, and 
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Fie. 2 Four-Batt AsspEMBLY 

which is called the “four-ball wear machine,” is an adaptation 
of the ‘‘four-ball machine” originally described by G. D. Boer- 
lage.6 This type of machine was chosen because the area of 
contact of the rubbing surfaces is geometrically well defined; 
hence actual pressures are known, and also because the test 
pieces (grade 1, }/:-in. hard-steel balls) are reproducible, inex- 
pensive, and convenient to use. 

The arrangement of the four-ball unit is shown in Fig. 2, 
where it is seen that provision is made for heating the oil cup 
(capacity about 10 ml) and measuring the temperature. The 
ball holder is mounted on a self-centering thrust bearing; friction 
is measured by the magnitude of the force required to counteract 
the frictional torque. Wear is measured in terms of the average 
diameter of the scars worn in the lower stationary balls by the 
upper rotating balls. A low-power micrometer microscope is 
used for this measurement. Fig. 3 shows the complete machine 
containing six individual units, and including the meters for 
measuring the voltage to the heaters, the millivoltmeter for the 
thermocouples, and the loading arrangement. 

Operation of the four-ball wear machine at loads below those 
producing seizure leads to a measurable amount of wear. In ex- 
periments where wear is of greatest interest and friction secondary, 


5 “Four-Ball Testing Apparatus for Extreme-Pressure Lubri- 
cants,’’ by G. D. Boerlage, Engineering, vol. 136, July 14, 1933, pp. 
46-47. 
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wear with various lubricants is determined in tests run at 
a given load and temperature, usually for a period of 2hrs. As & 
rule, tests were made at 700 rpm, but experiments throughout 
the range from 250 to 4000 rpm gave qualitatively similar re- 
sults. 

Fig. 4 illustrates the use of the apparatus for determining varia- 
tion of wear with load. The two upper curves show the wear 
with two undoped mineral oils of widely different character. 
The lower wear afforded by the 120-grade aircraft oil in the range of 
low loads is in agreement with the observation that, in a labora- 
tory test engine, this oil ordinarily does not permit appreciable 
wear, although the 8.A.E. 20 grade motor oil does so. The differ- 
ence in the ability of these two oils to reduce wear in the four-ball 
test is believed due to differences in their chemical composition 
rather than to differences in their viscosity. 


Fie. 3 THe Four-Batt Wear MACHINE 
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Sulphurized sperm oil in mineral oil is used as a mild extreme- 
pressure lubricant, i.e., to prevent scuffing under moderate condi- 
tions of load. The experiments show it to be mildly effective 
in reducing wear. Tricresyl phosphate, which is sometimes used 
as an antiwear agent, is seen to be very effective in the low-load 
range. 

Although, as these data show, the machine differentiates be- 
tween various lubricants, the question of relating such differences 
to practice depends, of course, upon secondary factors related 
to the conditions of service. Thus it has been found that in 
certain instances tricresyl phosphate increases rather than de- 
creases wear. 

The curves in Fig. 5 illustrate the usefulness of the four-ball 
wear machine in determining the concentration of an additive 
most effective in reducing wear. Two interesting facts appear, 
illustrated particularly well by the group of sulphur compounds: 
(1) The minimum wear obtained with all the compounds of 
sulphur is approximately the same; (2) the concentration of 
added sulphur required to produce this minimum wear is different 
for each sulphur compound. For example, approximately 1000 
times as much sulphur is required to give this minimum wear 
when added to the oil in the form of dilauryl disulphide as when 
added in the form of alpha-mercaptolauric acid. The principal 
difference in effectiveness between these two compounds can be 
explained on the assumption that the acid is very strongly ad- 
sorbed on the metal surface and thus creates an effective concen- 
tration of sulphur, the antiwear element, at the metal surface, 
while the disulphide molecule on the other hand, which cannot 
combine chemically with the metal surface, is much less strongly 
adsorbed. Sulphurized sperm oil, which being an ester is highly 
polar, may be concentrated at the surface’ but to a lesser extent 
than is the acid; as shown by the curves, it is less effective than 
the acid but more effective than the disulphide. 

In the case of the phosphorus compounds, an analogous situa- 
tion prevails. Minimum wear for all the phosphorus compounds 
is the same but lower than that for the sulphur compounds, 
Soybean lecithin and dilauryl phosphate both contain an 
acidic hydrogen atom and are adsorbed at the surface in high 
concentration, while the less strongly adsorbed phosphate ester 
must be used in a much higher concentration to produce the same 
effective concentration of phosphorus at the wearing surface. 

Compounds containing chlorine exhibit only very mild antiwear 
action under the conditions of load and temperature used in these 
tests, as shown by the relatively high values of minimum wear. 


The dichlorostearic acid is much more effective than the cor- 
responding ester, again indicating the effect of acidic groups in 
concentrating the additive at the surface. 


Srupy or Fricrion at Hich PRessuRBS 


During a wear test, the coefficient of friction often varies. 
This variation is thought to be due primarily to the change in 
pressure as wear proceeds. Hence the average coefficient of 
friction, determined in an ordinary test, on a lubricant permitting 
low wear, is not comparable with that for a lubricant permit- 
ting high wear. To circumvent this difficulty, a procedure was 
developed which permits determination of the coefficient of 
friction at a number of different pressures as follows: 

Balls are prepared with surfaces (wear scars) of various sizes 
by running with an undoped mineral oil for several periods of 
time, such as 1, 5, 15, 30, 60, and 120 min (see the curve for 
mineral oil in Fig. 6). If a smaller number of points is desired, 
the 1, 30, and 120-min scars are sufficient. After formation 
of the wear scar, the undoped oil is emptied from the ball holders 
and replaced with the lubricant to be tested, the diameter of the 
sears having been measured without removing the balls from 
the holder. The machine is then run under standard conditions 
until the coefficient of friction has reached a constant value. 
About 30 min is usually ample and has been adopted as standard. 
The coefficient of friction at the end of the 30-min period is taken 
as the value corresponding to the final scar diameter or pressure. 

In Fig. 6, it is seen that the smallest scar diameter (1-min 
operation in the first step) is about 0.25 mm, corresponding to a 
pressure of about 90,000 psi. During the subsequent 30-min 
period, the usual wear occurs, thereby increasing the diameter 
and decreasing the pressure. The increase is, of course, the least 
for the large scars. Therefore, the most sensitive measure of 
wear obtained in these “friction tests’ is the final diameter of 
the scar of the smallest initial size. In Figs. 6 and 7, the increase 
in scar diameter or wear is indicated by the horizontal distance 
from the 0.25-mm ordinate to the first point on the friction- 
pressure curve. In Fig. 6, this wear is represented by the length 
of the arrows. It is seen that tricresyl phosphate gives very 
low wear but also gives very little reduction in friction. Palm 
oil permits moderate wear to occur but gives a very substantial 
reduction in friction, especially at high pressures. Ten per cent 
of oleic acid in mineral oil leads to still higher wear but, in the 
low-pressure range, produces an even greater reduction in fric- 
tion. 
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The Ideal Lubricant. It should’ be possible to evaluate lubri- 
cants in respect-to their chief functions, reduction of friction and 
wear, by the use of data such as those represented in Fig. 6. 
It may be seen from this figure that friction, and its variation 
with pressure, are fairly independent of wear, and therefore 
all three must be taken into account. Accordingly, an ideal 
lubricant from the standpoint of friction and wear is one which 
permits the lowest friction and wear at all pressures, particularly 
the highest. From this viewpoint none of the lubricants rep- 
resented in the figure is ideal. 
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best friction-reducing additives for mineral oil are generally con- 
sidered to be polar organic molecules (esters, including glycerides, 
acids, ketones, lactones, etc.) containing long hydrocarbon chains. 
The relative effectiveness of various types of compounds in re- 
ducing the coefficient of friction under the conditions of these 
experiments is shown in Fig.%. Although none of the compounds 
listed was very effective in reducing the coefficient of friction 
at high pressures, several were effective at low pressures. The 
compounds which gave the greatest reduction in friction at low 
pressures are all of one type, free fatty acids. Salts, esters, 
ketones (and a variety of other compounds not listed in the 
figure such as amines, amides, and alcohols) were comparatively 
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ineffective in reducing friction under the test conditions, although 
many, such as lead naphthenate and tricresyl phosphate, were 
effective in reducing wear. 

Fig. 7 shows that not even all of the fatty acids were particu- 
larly effective in reducing friction in low concentration; thus, 
stearic and elaidic acids were very much less effective than U.S.P. 
oleic, undecylenic, and the acids (principally ricinoleic) obtained 
from castor oil. However, stearic acid reduces the coefficient of 
friction to approximately the same low value as does the U.S.P. 
grade oleic acid if usedin sufficiently high concentration. Thisis 
illustrated in Fig. 8, in which values of the coefficient of friction, ob- 
tained with a variety of fatty acids dissolved in mineral oil, are 
plotted against the concentration of acid. The data of Fig. 8 are 
all for the same scar diameter (0.6 mm) and were read from curves 
similar to those in Figs. 6 and 7. The curves, drawn in Fig. 8, 
are for the most part based on meager data and are to an extent 
rationalizations rather than true representation of experimental 
fact. There can be no question, however, of the transition 
from high to low friction as concentration of the fatty acids is 
increased, 

The principal points illustrated in Figs. 6, 7, and 8 may be sum- 
marized as follows: 

1 Low coefficients of friction, i.e., values below about 0.07, 
are obtained only with acids. 

2 The acids of lower molecular weight (short chain), such as 
lauric and heptylic, are effective at lower concentrations than 
those of high molecular weight (long chain), such as stearic acid. 

3 The simple fatty acids are not as effective in reducing fric- 
tion as are those with double bonds, hydroxyl groups, etc., in 
the hydrocarbon portion of the molecule. 

Mechanism of Reduction of Friction. Under conditions of 
quasi-hydrodynamic lubrication, it is essential that very tena- 
cious lubricant films be formed on the metal surfaces, if highly 
loaded metal parts are to be kept separated even to a slight 
extent. Films bound to metal by comparatively weak forces 
(either those between polar molecules or those of the van der 
Waals type, i.e., the only forces which are likely to exist between 
a metal and compounds such as salts, esters, alcohols, etc.) 
are apparently too unstable to function under the conditions of 
these experiments. With acids, however, there is the possibility 
of reaction with the metal surface and formation of a layer of 
molecules bound to the metal by much stronger chemical bonds. 

However, it is well established that a single layer of fatty-acid 
molecules adsorbed on each of the rubbing surfaces would not 
account for the low friction observed. Measurements®7§ of the 
coefficient of friction between surfaces separated by built-up 
films of one or more molecular layers show that coefficients much 
less than 0.1 are obtained only with multilayer films. Films of 
acids such as oleic, undecylenic, and ricinoleic must either be 
thicker, more stable, or formed more rapidly than those of simple, 
saturated, straight-chain acids. The especial effectiveness of 
acids which contain hydroxyl groups, etc., in the hydrocarbon 
portion of the molecule may be due to an attraction of these 
groups, either initially present or formed by oxidation of double 
bonds, for polar groups in adjacent molecules, thus building 


6 “Boundary Lubrication,’’ by G. B. Karelitz, Proceedings of the 
Special Summer Conference on Friction and Surface Finish, Massa- 
chusetts Institute of Technology, June, 1940. 

7 “The Influence of Surface Films on the Dry and Lubricated Slid- 
ing of Metals,” by T. P. Hughes and G. Whittingham, Trans. Faraday 
Society, vol. 387 1942, p. 9. 

8“The Influence of Temperature on Boundary Lubrication,’’ by 
J. J. Frewing, Proceedings of the Royal Society of London, series A, 
vol. 181, 1942, p. 23. 

9 “X-Ray Diffraction Studies of Lubricants,” by G. L. Clark, R. R. 
Sterrett, and B. H. Lincoln, Industrial and Engineering Chemistry, 
vel. 28, 1936, pp. 1318-1322, © 
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up multilayer (oriented) films extending into the bulk of the 
liquid. It has also been suggested® that such films may be held 
together by chemical bonds, i.e., the lubricating film may in some 
cases be a polymer. 

Mutual Effect of Antiwear and Antifriction Additives. Al- 
though the results described show that many acids are effective 
in reducing friction in the low-pressure range (Fig. 7), none of 
them is very effective in reducing wear. It might be expected 
that the use of a fatty acid together with an additive which 
reduces wear would give both low wear and low friction, but 
tests with the four-ball wear machine show that this is only 
partially true. Thus, even though a blend of mineral oil con- 
taining a fatty acid, as well as a compound which reduces wear, 
may give lower friction than would be obtained without the 
fatty acid, the friction is not nearly as low as with mineral oil 
containing the fatty acid as the only additive. This is often 
the case even when the antiwear additive is used in a concen- 
tration below that at which it will reduce wear. As an illustra- 
tion, the coefficient of friction is plotted against scar diameter in 
Fig. 9 for blends of oleic acid in mineral oil containing an anti- 
wear agent. It is seen that in every case friction is higher when 
the antiwear agent is present. 

The fact that the objective of simultaneous low wear and low 
friction was not obtained with the blends listed in Fig. 9 is not 
surprising since others have reported similar experiences. !” 

It may result from the fact that various types of molecules tend 
to displace each other from metal surfaces. Thus, oleic acid may 


10 “Friction and Wear Comparisons of Lubricating Surfaces,’”’ by 
G. L. Neely, General Discussion of Lubrication, Proceedings of The 
Institution of Mechanical Engineers, London, England, vol. 4, 1937, 
pp. 378-385. 
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displace a wear-reducing compound from the rubbing surfaces 
and hence retard or prevent its reaction with the metal; or the 
converse may be true, depending upon the type of molecules 
present and their relative concentrations. 

It appears that wear prevention under the conditions of the 
test is at least in part the prevention of corrosion by acids. That 
this is actually the case has been shown by adding buffers to an 
oil which keep it alkaline. When this is done, it is found that 
the wear is just as low as if the oil contained tricresyl phosphate, 
but the friction is very high as would be expected since acids are 
not present. The acids responsible for wear in undoped oils 
are those formed between the rubbing surfaces under the condi- 

‘tions of high pressure, high temperature, and the catalytic action 
of the metals. These acids are probably present at the rubbing 
surface in fairly high concentration, but their bulk concentration 
in the oil may be very low. 


ConcLuUDING REMARKS 


This investigation has shown the serious difficulties which 
accompany efforts to reduce wear and friction simultaneously. 
Fortunately, there are but few instances in practice where both 
factors are of critical importance, and a satisfactory compromise 
can be made which emphasizes that factor which is most critical 
for the particular service. , 


Discussion 


R. J. Nexervis.!! From the standpoint of lubricants for 
cold-working metals, it would seem that palm oil (Fig. 6 of the 
paper) and sulphurized sperm oil and mercaptolauric acid in 
blends of oleic acid in mineral oil (Fig. 9) tend to reduce the co- 
efficient of friction as the pressure is increased. The slope of 
these curves would seem to indicate low coefficients of friction at 
high pressures. That such is the case is further evidenced in 
practice. In the cold-reduction of steel to tin-plate gages, palm 
oil has been the only satisfactory lubricant found to date. In 
concurrence with the observed increase in electrical, resistance 
above a critical velocity, a similar decrease in external friction is 
noted in actual practice with palm oil with increasing mill speeds. 

As for control of wear, it is important to bear in mind that in 
selecting a lubricant for a given cold-working operation, the 
function is not to prevent work on the metal entirely, but under 
extreme pressures to provide even wear on the material being 
worked with the least possible wastage due to external friction. 

It has been shown by Bowden and associates!? that when one 


11 Battelle Memorial Institute, Columbus 1, Ohio. 

12 “Sliding of Metals, Frictional Fluctuations, and Vibration of 
Moving Parts,” by F. P. Bowden, L. Leben, and D. Tabor, The 
Engineer, vol. 168, 1939, pp. 214-217, 

“The Friction of Lubricated Metals,’”’ by F, P. Bowden and L. 
Leben, Philosophical Transactions, The Royal Society of London, 
series A, vol. 239, 1940, pp. 1-27. 

“Friction of Clean Metals and the Influence of Surface Films,” 
by F. P. Bowden and T. P. Hughes, Nature, vol. 142, 1938, pp. 
1039-1040. 
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metallic surface slides over another, there is considerable tem- 
perature increase with increasing loads which may reach the 
melting point of one of the metals at comparatively low loads, 
causing welding at the metal contacts. The sliding action is 
intermittent, i.e., with sufficient load the welding which de- 
velops at the metal contacts will be immediately disrupted. The 
greater the number of such contacts, the greater the load re- 
quired. This stick-slip action is more prominent with mineral 
oil and tends to disappear with fatty materials as the chain 
length of the molecule increases. They further observed that a 
film of lubricant, several molecules thick, must be present before 
it can function as an effective boundary lubricant for moving 
surfaces. 

With these findings as a premise, Crowther, Liddiard, and 
Marwood!’ have enumerated the basic requirements for success- 
ful deep-drawing, and they are applicable to all cold-working 
lubrication applications: 

1 The area of actual contact between the metals must remain 
very small. 

2 The metals should be prevented in so far as possible from 
coming within the zone of attraction of each other. This might 
be done by employing a material for which each metal has a 
greater affinity than it has for the other metal. 

3 The temperature must be kept to the minimum by, for 
example, the presence of a low-melting metal. 


In developing this summary, it has been shown that all success- 
ful lubricants (except solids which have purely mechanical action) 
and lubricant additives are reducing agents or can produce re- 
ducing agents, more particularly hydrogen in its nascent form. 

This acid theory is advanced to explain the successful action of 
fatty oils, chlorinated hydrocarbons, sulphur, phosphorus, 
phosphate coatings impregnated with oil, and metallic soaps, the 
latter of which owe their success to low-melting metallic films laid 
down in acid solution. 


AutHoRs’ CLOSURE 


The comments of Mr. Nekervis are very interesting. Of course, 
considerable caution should be exercised in applying the results 
obtained in any wear test machine to actual practice, because of 
the difference in character of wear which may be involved. In 
the practical applications in which Mr. Nekervis is interested, 
pressures are very high and the wear may be due almost entirely 
to mechanical damage of the rubbing surfaces, whereas this sort 
of wear has been held to a minimum in the experiments described 
inthe paper. The wear in the four-ball machine, under the con- 
ditions described, is believed to be due in a large measure to 
corrosive action. This rather mild type of wear includes chemi- 
cal attack accelerated by local overheating, and also removal of 
reaction products by rubbing. 


13 ‘Principles of Lubrication in Modern Deep-Drawing Practice,” 
by H. A. H. Crowther, P. D. Liddiard, and K. I. Marwood, Sheet 
Metal Industries, vol. 18, no. 198, Oct., 1943, pp. 1733-1738; no. 199, 
Nov., 1943, pp. 1915-1920; no. 200, Dec., 1943, pp. 2099-2105; vol. ° 
19, no. 201, Jan., 1944, pp. 81-83 and 88. 


The Friction Properties of Various 


Lubricants at High Pressures 


By JOHN BOYD? ann B. P. ROBERTSON: 


In connection with certain problems associated with 
the manufacture and punching of laminated stock, an 
investigation was made of the friction properties of various 
special lubricants under high pressures. Since these re- 
sults have been found useful in a number of special ap- 
plications, they are presented in this paper as a contribu- 
tion to the information available on this subject. 


HERE are many ways in which the friction properties of 

lubricants may be determined, and several investigations 

have described tests and equipment which are suitable for 
high pressures. The present paper utilizes a method suggested 
by M. D. Hersey and is based upon the work done by Prof. P. 
W. Bridgman.? Briefly it consists of placing the sample to be 
tested between two circular hardened steel anvils and measuring 
the torque necessary to twist one upon the other for various 
amounts of lateral pressure. By this means Professor Bridgman 
has determined the shearing properties of a great number of 
crystalline chemical compounds and has shown many of them to 
have unusual and unexpected properties. This method was 
chosen for the present investigation because it could be used with 
lubricants in the form of liquids, greases, and solids. Another 
reason for the choice was that the anvils could be rather easily 
finished to a uniform degree of surface finish and, if desirable, the 
material of the anvils and the degree of finish could be readily 
changed. 

A large number of lubricants have been tested by this method 
but only 24 are included here. The latter may be classified into 
the following groups: (1) Mineral, animal, and vegetable oils; 
(2) mineral oil plus various additives; (3) fatty acid additives; 
(4) greases; and (5) solid lubricants. 

One method of comparing the results for the different lubri- 
cants was on the basis of shearing stress as a function of the angu- 
lar displacement (Figs. 4, 5,6, and 7). In general, the stress rose 
abruptly at first and then increased slowly as the angle of twist 
became larger. Materials such as stearic acid, molybdenum 
disulphide, and several others gave very flat curves which indi- 
cated an ability to maintain a lubricating film without being 
squeezed out. 

Another method of comparison was based upon the coefficient 
of friction and its variation with lateral pressures (Figs. 8, 9, 10, 
and 11). In most cases the coefficient did not vary greatly with 
pressure. This made it possible to arrange the data in tabulated 
form, as in Table 1, showing each lubricant and its average co- 
efficient of friction. 


Test APPARATUS 


Fig. 1 shows a cross section of the main part of the apparatus. 


1 Westinghouse Research Laboratories, East Pittsburgh, Pa. 

2 “Shearing Phenomena at High Pressures, Particularly in Inorganic 
Compounds,’”’ by P. W. Bridgman, Proceedings of the American 
Academy of Arts and Sciences, vol. 71, no. 9, 1937, pp. 387-460. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Semi-Annual Meeting, Pittsburgh, Pa., June 19-22, 
1944, of Tae AmMpRican Socipty oF MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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It will be seen that two specimens were employed, each with its 
own set of anvils. This avoided the use of a thrust bearing which 
would have introduced an unknown friction torque. The bottom 
and the top anvils were mounted in base plates which were 
fastened to the self-aligning platens of a 400,000-lb hydraulic 
testing machine. The two intermediate anvils were held in a 
center piece which was guided by two rows of balls so that it 
could be kept in proper alignment with the bottom and the top 
anvils. 

Torque was applied to the center piece and the two inner 
anvils by a steel torque bar shown in Figs. 1 and 2. In order to 
impart a uniform motion to the bar and to prevent any misalign- 
ment of the turning force from affecting its calibration, an inter- 
mediate member, in the form of a wooden beam, was used. This 
was pivoted on one end on the stationary shell surrounding the 
anvil assembly. The other was fitted with a pin which trans- 
mitted the turning force to the torque bar. Fastened to the beam 
was a circular segment and to this was attached a cable from a 
motor-driven windlass. A limit switch, mounted on the frame of 
the machine, shut the motor off after a 60-deg angular displace- 
ment of the anvils. 

Varying the speed of rotation over a range of approximately 
5:1 produced no noticeable change in the results obtained, pro- 
vided the speed was kept low enough to eliminate inertia effects. 
A speed of 3!/2 radians per min was found to be convenient and 
was standardized upon for the tests. 

For obtaining a record of friction torque as a function of the 
angular displacement of the anvils, a recorder was employed. Its 
frame was mounted on the torque bar and carried a pivoted metal 
drum to which a sheet of waxed paper was attached. An arm, 


TABLE 1 AVERAGE COEFFICIENTS OF FRICTION 


-—Angular displacement, deg— 


—l1 eg——. ——50 deg—— 
Average/f rating Average/f rating 

SLORPIGIACIA ere ater sive ca: 0 2! encile aebehate ; 1 0.029 1 
Tungsten disulphide................. i 2 0.037 3 
Molybdenum disulphide.............. E 3 0.033 2 
Gra phiterise ok ose stibie alae tteieinin o ates ; 4 0.058 5 
Silverisulphate.i.co500 secede ene i 5 0.054 4 
Turbine oil + 1 per cent MoS:.. . 6 0.068 6 
TCA Mi OMI © sitteince;s ereusie ps eiesstsioie ever 5 7 0.071 7 
allan Ole erates ocsmroiat ves okriciete erelomeare 5 8 0.075 8 
CasCor Oil eirty see aioe csclivaiterctots ereiate F 9 0.081 10 
Grease (zinc-oxide base)............++ ; 10 0.080 9 
Tard rtiec cts tsa orcs sitve were acolelte ; 11 0.084 13 
Grease ieee TARO) Srelacchviuts sfuiesnietn ete . 12 0.082 12 

esidualoe tas aerectecr ot ee ania se Glee A 13 0.083 11 
Spero Mac mcr -sieliate so evaeisrete 0. 14 0.085 14 
Turbine oil + 1 per cent graphite..... 0.081 15 0.105 17 
Turbine oil + 1 per cent stearic acid.. 0.087 16 0.096 15 
FL UTDUNO OM rece srctniecs vcccretettra' es, ate ra vais 0.088 17 0.108 18 
Caprie atid ocr tas csctels ctajcdtee sive sv eocte 18 0.109 19 
Turbine oil + 1 per cent mica 19 0.105 16 
Oleie Acid Siar, tha nots orsisee ehcutsteus 20 0.119 21 
Machine oil. .......... 21 0.115 20 
Soapstone (powdered)... 22 0.306 22 
Mica (powdered) 23 0.305 23 
BOrOn Gn ecienrasm sclercetenat iste orale tale 24 0.710 24 


@ Not a lubricant; for comparison only. 


with a stylus at one end for marking the paper, was mounted on a 
pivot fastened to the frame. By attaching an intermediate point 
on the arm to an unstressed bracket, welded to the torque bar 
near its junction with the center piece, the movement of the stylus 
was made proportional to the torque transmitted by the bar. By 
winding a cord around the drum and fastening the free end to the 


A WA 


TRANSACTIONS OF THE A.S.M.I. 


SeN 


VN EZZZB 
aon 


DOD OALDIA, 
D3] res 


he 


7) 


N 


Bt AN?N\ 


SSSSSSASSSSSSSSSSSSSSASABS SASSBSSAANADS SASSI SSS 


WMA 


SPECIMENS PLACED AT A 


WAM 


JANUARY, 1945 


CENTER PIECE 


| 
1- SHELL 7 LOWER-BALL RACE 2 SHELL 
ANVIL 8 LOWER BASE PLATE 3 WOOD BEAM 
UPPER BALL RACE 9 UPPER BASE PLATE 4 SEGMENT 
CENTER PIECE 10 LOCKING PIN 5 REFERENCE BAR 
REMOVAL KEY. 11 LEVER 6 TORQUE BAR 
REMOVAL BALL 12 WOOD BEAM 7 PIN 


aut wn 


Fie. 1 Anvit-Tyrr Testine Device 


CABLE 

WINDLASS 
PLATENS 

CORD 

STYLUS 
RECORDING DRUM 


Fic. 2 APPARATUS FOR APPLYING AND RECORDING TORQUE 


Preis 


Crosr-Up or Anyi ASSEMBLY 


BOYD, ROBERTSON—FRICTION PROPERTIES OF VARIOUS LUBRICANTS AT HIGH PRESSURES 53 


stationary shell surrounding the anvils, the movement of the 
drum was made proportional to the rotation of the anvils. 


PREPARATION OF ANVILS 


The anvils were made from a Cr-Mo air-hardening tool steel 
treated to give a Rockwell C hardness of 63. To prepare the mat- 
ing surfaces, the anvils were first surface-ground then mounted 
three at a time in a fixture and given a series of lapping opera- 
tions on a ground surface plate. Number 3/0 polishing paper was 
used for the final process. By adopting a standard routine for the 
polishing operation, flat surfaces with a finish of 2 rms micro- 
inches could be consistently produced. Anvils were refinished for 
each different lubricant tested. This assured freedom from con- 
tamination due to adsorbed films, etc. 

Since the rate of shear in the specimen under test was not uni- 
form but increased from the center of the anvil to the periphery, 
several anvils were recessed in the center so as to provide a nar- 
row annular contact area. In this way the effect of a more nearly 
uniform rate of shear could be obtained. Comparison tests made 
with both types of anvils, however, indicated that it made little 
difference whether they were solid or recessed, provided the net 
areas of contact were taken into account. All of the data shown 
are for solid anvils. 


Meruop or Trst 


At the start of a test, a sample of the lubricant in question was 
placed between each set of anvils.* Lateral pressure was then 
applied and held constant after which the motor driving the 
torque bar was started and a torque versus angular displacement 
curve obtained. The lateral pressure was then removed and the 
torque bar returned to its initial position. A new sample of lubri- 
cant was added and the operation carried out as before but with a 
higher lateral pressure. This was repeated until damage to the 
anvils as a result of scoring or of cracking under high pressure was 
imminent. 


Test Resuits 


Figs. 4, 5, 6, and 7 show the shearing stress versus angular dis- 
placement curves for the materials tested. They were obtained 
directly from the original torque versus angular displacement 
records. Since the shearing stress was proportional to the 
torque, the ordinates of the recorded curves were proportional to 
both the torque and the shearing stress. With appropriate scales, 
either quantity could be read directly. The relationship between 
stress and torque was based upon the relation 


T=2 foi rer-Qmr-dr se. ee (1] 


where ' 
T is torque applied to torque bar 
ris shear stress at a distance r from center 
R is radius of anvils 


Although the rate of shear was a function of the radius, tests 
indicated that the shearing torque was practically unaffected by 
the speed of rotation. The shearing stress was therefore assumed 
to be independent of the rate of shear. Integrating the equation 
in terms of the mean shear stress rm gives 


By noting that 7 = f. p, where f is the coefficient of friction and 


3 Since the materials tested were of various forms, the samples could 
not be standardized as to weight or volume. Therefore, the materials 
were generously applied to the anvils for each test and results were 
found to be reproducible. 


p is the lateral pressure at a distance r from the center, Equation 
[1] may be rewritten as 


Mee DG apr ah adr old... [3] 


If we assume, as Bridgman has done, that the lateral pressure 
is uniformly distributed, Equation [3] can be integrated in terms 
of the mean coefficient of friction f,,; thus 


where P is the total lateral load. 

In constructing the coefficient of friction curves, values were 
computed for a displacement of 10 deg. This enabled inertia 
effects and other initial disturbances to have become negligible, 
while minimizing the chance of the material being squeezed from 
the anvil surface. 

Table 1 rates the materials tested in terms of their average 
coefficients of friction. Values are given for 10-deg and 50-deg 
angular displacements. Comparison of the two coefficients indi- 
cates the tendency of the material to withstand shearing action. 

Mineral, Animal, and Vegetable Oils. The fixed and mineral 
oils reacted to the shearing operations in much the same manner, 
Fig. 4. The shearing stresses increased gradually with angular 
displacement for all of the oils. The coefficients of friction differed 
considerably, however, and the effect of pressure was appreciable, ° 
Fig. 8. There was also 4 tendency for the coefficients of friction 
of the mineral oils to decrease slightly with increased pressure, 
while the coefficients for the fixed oils had a tendency to rise under 
the same condition. 

As had been expected from previous investigations, the co- 
efficients for the mineral oils were greater than those of the animal 
and vegetable oils tested. For the oils listed here, palm oil gave 
the lowest average coefficient of friction and machine oil the high- 
est, Table 1. 

Mineral Oil Plus Various Additives. Solid and fatty-acid addi- 
tives, combined with the turbine oil listed in the previous group, 
did not greatly affect the appearance of the stress-displacement 
curve, Fig. 5. The presence of the additives is more clearly indi- 
cated in their effect upon the coefficients of friction, Fig. 9. 

When calculated for 10 deg of angular displacement, the aver- 
age coefficient of friction of the oil was increased by the addition 
of 1 per cent powdered mica. The addition of 1 per cent colloidal 
graphite caused a noticeable increase in the coefficient for pres- 
sures above 125,000 psi. The most noticeable reduction was ob- 
tained by the addition of 1 per cent of finely powdered molyb- 
denum disulphide. , 

Using shear values for 50 deg of angular displacement for de- 
termining the average coefficients, results indicated that all of the 
additives used had increased the ability of the oil to withstand the 
shearing action, Table 1. 

Fatty-Acid Additives. Remarkable friction qualities were 
shown by some of the fatty acids tested. The behavior of the 
stearic acid was outstanding. It gave the lowest average co- 
efficient of friction of any material listed, Table 1. Although its 
shearing qualities were not unusual at the higher pressures, it was 
exceptional in the pressure range below 200,000 psi, Fig. 10. Its 
ability to resist the shearing action, Fig. 6, under the extreme 
pressures was also very good. 

Other fatty acids included gave noticeably higher friction values 
than the stearic acid, Fig. 10, although they all varied with pres- 
sure in much the same manner. 

Greases. Zinc-oxide-base and calcium-base greases exhibited 
much the same shear characteristics, Fig. 5, and only slight varia- 
tions were noticeable in the friction-versus-pressure curves, Fig. 
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10. There was a gradual increase in the coefficients of friction 
with increasing pressure. 

Although it was not a grease, the residual tested had a co- 
efficient of friction which varied with pressure in almost the same 
manner as the greases, Fig. 10, and its average coefficients of fric- 
tion were of the same order, Table 1. 

Solid Lubricants. Some looseness is implied in referring to all 
of the solid materials listed (Table 1) as lubricants. Powdered 
boron, instead of lubricating the anvils, actually produced con- 
siderable abrasion. It was included because it was the material 
for which Professor Bridgman obtained the highest friction values. 

Silver sulphate was included because, with it, Professor Bridg- 
man got some of his lowest friction values. The results of these 
tests agree fairly well with his findings and show the same drop in 
friction with increasing pressure that he obtained. 

The shear characteristics of powdered soapstone and of 
powdered mica are interesting since they differed from the rela- 
tively smooth shear-displacement curves obtained for the other 
materials, Fig. 7. Both mica and soapstone sheared in alternat- 
ing periods of sticking and slipping for pressures above 50,000 psi. 
This process was very noisy and both materials became caked and 
adhered tightly to the anvils during the shearing operation. 

The colloidal graphite gave relatively low average coefficients 
of friction, Table 1, but there was a tendency for the friction 
properties to become less satisfactory as the shearing action pro- 
ceeded under pressures above 200,000 psi, Fig. 7. 

Tungsten disulphide and molybdenum disulphide possessed 
very good shearing characteristics, Figs. 6 and 7. The average 
coefficients of friction were lower for these than for any of the 
other solid lubricants tested, Table 1. The very low coefficients 
obtained for molybdenum disulphide, Fig. 11, explain the numer- 
ous applications to which it has recently been adapted. 


SUMMARY 


It is not the intention of this paper to recommend lubricants 
for specific applications. The tests reported merely indicate the 
friction properties of a series of lubricants when subjected to shear 
at high pressures. 

No attempt has been made to select lubricants with “‘extreme- 
pressure” characteristics. Those listed represent materials tested 
because there was a need for information on their high pressure 
properties. 

The lubricants tested have been listed in tabular form and have 
been rated according to their average coefficients of friction. The 
lowest values were obtained with stearic acid which had a co- 
efficient of 0.022 and the highest with powdered mica which had a 
coefficient of 0.257, representing a range of approximately 1:12 
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Discussion 


P. W. Bripeman.‘ It is hoped that these interesting investi- 
gations will prove to be only the first of a number of similar stud- 
ies. The general method is believed to be capable of giving val- 
uable information, both with regard to practical questions, as in 
the present work, as well as to many theoretical aspects of the 
plastic behavior of, solids. The method is of such simplicity and 
the range of stresses covered is so high that extensive application 
may be expected. 


4 Research Laboratory of Physics, Harvard University, Cambridge, 
Mass. 
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Some comment may be made on the physical significance of 
the new results obtained by the authors. The data presented, 
except for two or three substances, lie in the range of pressures 
in which surface slip has disappeared and the relative motion oc- 
curs because of internal slip or shear. Hence, although from the 
point of view of applications the results are properly described in 
terms of a ‘‘coefficient of friction,” from the point of view of the 
mechanism of the yield process, the results might more signifi- 
cantly be described in terms of the shearing strength of the 
material as a function of pressure. The relation between shearing 
strength and effective ‘‘coefficient of friction” is such that, if 
the effective ‘‘coefficient of friction” is independent of pres- 
sure, the shearing strength is proportional to pressure. In most 
of the cases, the ‘coefficient of friction’’ found by the authors rises 
with pressure, although in a few cases it decreases slightly. Trans- 
lated into terms of shearing strength, this means that in most 
cases shearing strength increases more rapidly than proportion- 
ally to pressure, and in all cases increases very markedly with 
pressure. The simple theories of plastic flow of solids postulate 
that shearing strength is approximately independent of pressure. 
The authors’ results as well as previous results of the writer show 
how very far from the truth this assumption is for ranges of stress 
which are at all high. 

The authors found a perceptible dependence of the effective 
coefficient of friction on the total angle of rotation and used 
this dependence as an indication of the extent to which the lubri- 
cant is squeezed out in use. It is thought that a large part of the 
dependence on the angle of rotation is due to an internal change 
in structure; the initial crystalline regularity getting broken 
down. The writer has found that this structural disintegration 
may continue for much larger angles of rotation than are covered 
in the present work and may reach extreme amounts, as shown 
by X-ray analysis. The effect of structural breakdown on shear- 
ing strength is particularly great if the material is initially in the 
form of a single crystal with cleavage planes parallel to the direc- 
tion of slip. Spectacular increases of effective coefficient of fric- 
tion may be obtained, for instance, with single crystals of zine. 

Finally, this opportunity is taken to mention some unpublished 
experiments in which the rotating parts were made of carboloy 
instead of steel. Carboloy has three advantages over steel: 
(1) It is harder than steel, so that refiguring is not necessary so 
often. (2) The elastic constants are 3 times greater, so that the 
elastic deformations are correspondingly less, and the film under 
test remains of more uniform thickness, which means that the 
results calculated by neglecting the distortion are closer to the 
actual state of affairs. (3) It is markedly stronger than steel, so 
that considerably higher stresses can be reached. Carboloy an- 
vils have been used up to pressures of 1,500,000 psi. Not only are 
carboloy anvils materially better than steel in the low-pressure 
range, but it is possible with them to enter the zone of internal 
yield by shearing of some of the harder metals, which, when in- 
vestigated with steel, yield by surface slip at all pressures up to 
the strength of the steel. 


J.T. Burwe tu, Jr. While the simple type of friction machine 
described in the paper should be particularly valuable for testing 
lubricants used in punching operations, in connection with which 
it was primarily developed, with care, however, the results ob- 
tained can probably be extrapolated to other extreme-pressure 
lubricant applications. They should be most applicable in cases 
where the sliding speeds are low as between the teeth of spur 
gears; but less applicable to hypoid gears, cams, etc. 

It is noteworthy that the present machine differs from most of 
the conventional E-P lubricant test machines in the fact that the 
nominal bearing surfaces have a large finite area and do not em- 


a Lieutenant U.S.N.R., Navy Department, Washington, D. C. 
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ploy any wedging action to maintain the lubricant between the 
surfaces. For fundamental studies this may prove a drawback 
because, as is well known, the true bearing area will generally bear 
no fixed relation to the nominal area of the faces. Because of this 
fact, workers such as Bowden, Muskat, Beeck, and others have 
avoided this difficulty by using curved surfaces, thus localizing 
the true contact area. This machine should prove to be invalu- 
able, however, as a gage of whether the lubricant under investi- 
gation will perform well ina punch press and in similar operations. 

The design of the present machine does however, possess one 
distinct advantage. The flat surfaces of the anvils of the machine 
should prove most suitable for studying, by means of elettron 
diffraction, the surface films formed in the testing of various lu- 
bricants. It should be particularly interesting to examine the 
surfaces after a test run with, for instance, molybdenum disul- 
phide or silver sulphate. Beeck and others have shown that the 
so-called ‘‘chemical polishing agents’’ form characteristic films 
on the bearing surfaces which can be identified by their electron- 
diffraction patterns. These films have been found to form when 
the surfaces are run together at high speeds for a considerable 
time, but confirmation of their existence in the present instance 
should throw further light on the mechanism of E-P lubricants. 
This is particularly true for solid materials such as the disulphides. 

The results themselves present several points of interest. In 
the curves of shearing stress versus shearing arc, given in Figs. 4, 
5, 6, and 7 of the paper the absence of a large static shearing stress 
in most cases is noteworthy. The stick-slip phenomena in the 
cases of mica and soapstone indicate the presence of a high static 
stress in these cases. 

It is of interest to compare the ratings of the materials, given in 
Fig. 12 of the paper, for this machine with that given by other 
machines which operate under lighter loads but at higher speeds. 
The ratings are in many cases similar but there are some notable 
exceptions. One is the fact that, while pure stearic acid, which is 
presumed to be in the solid state, is quite effective as a lubricant, 
the 1 per cent solution in turbine oil was no more effective than 
the turbine oil alone. This is contrary to experience tn most 
friction-test machines. Graphite shows a similar behavior, but 
on the other hand the 1 percent addition of molybdenum disul- 
phide is quite effective. 

Another point of interest is that capric acid, although saturated 
like stearic acid, is no more effective than oleic acid which is un- 
saturated. Possibly its short chain length is the important factor. 

It may be significant that the four materials with friction coef- 
ficients less than 0.050 are all solid or will be so under pressure. 
This may be the means for introducing and maintaining a suffi- 
cient quantity of lubricant between the test surfaces. Of course, 
the solid state alone is not sufficient, as the soapstone and mica 
show, but if the material is effective because it forms a dense 
oriented film or because of chemical polishing, or because of 
shearing easily such as the stearic acid, the disulphides, or the 
graphite, the additional factor of solidity may be advantageous. 
In this connection silver sulphate seems to be anomalous since it 
would not appear to operate according to any known mechanisms. 

The present work appears to be quite important in opening up a 
somewhat different type of lubricating service, and any results 
obtained may be able to throw a new light on the more general 
problem. Further work of this type is much to be desired. 


D.D.Futurr.* The pressures to which the authors’ tests were 
carried are higher than one might expect to attain if guided by the 
work of some previous experimenters (1, 2, 3, 4).7 It appears now, 
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however, that the seizure load for a given lubricant depends upon 
the tendency of the test specimens themselves to scrape or abrade 
the lubricant from the contacting surfaces. For example, the 
seizure loads for a wide variety of oils were obtained on the three- 
peg machine by Schmidt, Gilbert, and Boston (1). The pegs in 
this apparatus were ground flat at the contacting surfaces and, in 
a bath of oil, were pressed against a test plate. The abrading ac- 
tion of the squared pegs on the plate must have been considerable 
because the maximum pressure that any oil could sustain without 
seizure was reported as 13,750 psi (this was a mineral oil with the 
addition of 47 per cent lard oil and 7.7 per cent sulphur). 

The present authors, for a straight machine oil, indicate that a 
pressure of 250,000 psi was maintained, and for lard oil, the test 
specimens carried a pressure of 300,000 psi. These incipient 
breakdown pressures are approximately 20 times greater than 
those obtained by Schmidt, Gilbert, and Boston. The increase is 
apparently the effect of test-specimen geometry. Two circular 
anvils cannot scrape the oil to one side and cut down to bare 
metal. The lubricant can only be squeezed out, and as Needs has 
shown (5), the resistance of many oils to such extrusion is ex- 
tremely great. Pegs, and especially flat pegs, would tend to 
abrade the oil film and thus reduce the actual seizure load. 

The three- and four-ball machines (6, 7), on the other hand, 
eliminate sharp corners and, consequently, show a relatively high 
load-carrying capacity. Clayton (7) reports initial seizure pres- 
sures for common lubricants which approach the same order of 
magnitude as those of the authors. (His pressures are computed 
by using the Hertz formula for contact pressures between two 
spheres.) For paraffin oil with 2 per cent oleic acid, the average 
contact pressure at seizure was approximately 330,000 psi; rape 
oil 880,000 psi, etc. This appears to be good correlation with the 
results given in the paper. 

It might be interesting to investigate the effect of slots or 
groove on the breakdown pressure of the lubricant. Several 
sharp-edged grooves could be placed radially on two of the four 
contacting surfaces of the anvils. Thena successive rounding-off of 
the groove’s edge should serve to establish a relationship between 
the radius of the edge and the load-carrying capacity of the 
boundary film. Such information might assist in the correlation 
and useful application of much of the boundary-friction test data 
that appears in the literature on the subject. 

The coefficients of friction reported by the authors, although 
somewhat on the low side, have an order of magnitude quite in 
line with those obtained in many recent investigations (8, 9, 10). 

It is especially interesting to note the low friction characteristic 
of certain solids. The use of solids in antifriction applications 
appears promising and opens a field for further investigation. 
Claypoole (8) in 1939 reported an amazing phenomenon regard- 
ing the friction between a diamond and a glass test plate. With 
a small friction coefficient of 0.02, and no lubricant, the diamond 
would not abrade or scuff the plate even when the load was raised 
to such value as to deform the glass plastically! A sapphire how- 
ever with only 1/19 of that load caused severe abrasion. Stott 
(11), in an investigation of the friction between steel pivots and 
jeweled bearing cups, noticed for the diamond, the same low fric- 
tion and absence of wear. The hardness of the diamond seems not 
to be the controlling factor, for a ‘“‘polished boron carbide point 
(with about the same degree of hardness) will tear up the surface 
of clean steel even under light loading” (8). 

When exploring the “lubricating” possibilities of solids, it 
should be remembered that, besides a low value of friction, the 
lubricant should also minimize wear. Sand sprinkled between 
two concrete slabs will lower the coefficient of sliding friction. 
Powdered emery in an oil will prevent seizure in some of the com- 
mercial extreme-pressure testing machines now in use. But 
obviously, because of’ their abrasive effect, neither sand nor 
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powdered emery can ever be considered as a good lubricant. 

The use of solids as antifriction materials appears very promis- 
ing but further investigation should include, in addition to fric- 
tion properties, some estimation of the wear characteristics of 
these materials. 
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E. K. Gatcomse.’ Are the results given in this paper an in- 
dication of the friction properties alone of the lubricants investi- 
gated by the authors, or should we consider that they include not 
only the friction properties of the lubricants but also the friction 
properties of the surfaces of the anvils as well as that physical 
property of lubricants which we refer to as the viscosity? It would 
seem that this might be a question which would logically arise, 
if one should read the works of Bridgman, Hersey, Kisskalt, 
Karelitz, Needs, and others. Let us review some of the results 
and conclusions cited by these men. 

Bridgman found that various substances differed greatly in 
their friction properties, and also that any given substance might 
have varying friction properties depending upon the pressures to 
which it was subjected. He mentions that these substances un- 
dergo plastic flow at the high pressures, and thus that their fric- 
tion properties are changed, at least, if we consider them in the 
light of our ordinary definition of friction. Bridgman also states 
that we may find a condition of plastic flow in the adsorb film; 
furthermore, that some of the ‘“‘test’’ material may become im- 
pregnated into the surface of the anvils. 

Hersey and Shore, Kisskalt, Karelitz, and others have pre- 
dicted in general that lubricants may change somewhat from a 
fluid to something more like a solid at high pressures. If these 
statements are true, then it is conceivable that it might be diffi- 
cult for us to say that we are measuring the friction properties 
alone of the lubricants, when we perform certain tests on the lu- 
bricants. 
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However, the authors, undoubtedly, have considered and 
weighed such questions carefully, and their results are indicative 
of just those properties which they propose. 

Another point which might be worthwhile discussing is the 
following: How much of a film was actually present at the begin- 
ning of the tests? 

Bridgman’s work suggests that a film is present, however small 
its thickness. There is little doubt that the film becomes broken 
down after the tests are started. This may in part account for 
the increase in the coefficient of friction with larger angles of ro- 
tation of the anvils. But, if a film is present at the beginning of 
the tests, then it must support a load, a fact which is a contra- 
diction to the hydrodynamic theory of fluids, because these sur- 
faces are parallel and there is no relative motion between the sur- 
faces. This means that the fluid must become entrapped in the 
region of the center and, thus, that it supports a load, because it 
has no chance to escape, as is pointed out by Bridgman. Ac- 
tually it is unlikely that the surfaces are parallel, the disk of oil 
entrapped probably being lens-shaped (thicker at the middle than 
at the edges). 

Now, if there actually is a film present at the beginning of the 
test it supports a load and thus its particles are being sheared off 
as the tests begin. If the lubricant still acts like a fluid during this 
part of the test, then we might expect that the assumption made 
by the authors, that the shearing stress was independent of the 
rate of shear, is incorrect. However, it is likely that the fluid no 
longer acts in this manner so that the assumption may be a per- 
fectly good one. The assumption that the pressure is uniform 
over the disk may be strongly questioned. It is also likely that 
the load-supporting action of the film changed greatly as its thick- 
ness changed during the test. It might be that the particles of 
the lubricant act like ‘roller bearings” to give some support to the 
surfaces of the anvils. 

The writer has been able to show, through the use of the hydro- 
dynamic theory of fluids, that extremely high pressures are de- 
veloped in the wedge of oil which separates gear teeth, while rea- 
sonable minimum film thickness exists. These pressures are high 
enough and distributed over large enough areas to account for 
the transfer of tooth loads by the film. - 


Mayo D. Hersey.® By extending Professor Bridgman’s 
method to the investigation of lubricants, the authors have 
opened up a promising field of future research. It is, therefore, to 
be hoped that arrangements can be made (a) for continuing the 
experiments, studying additional variables; (b) analyzing the 
probable conditions theoretically; (c) comparing friction values 
with those published by other investigators; and (d) correlating 
results with gear-tooth friction and other performance observa- 
tions. 

It is interesting to learn that the substitution of annular sur- 
faces, offering more nearly uniform pressure and speed condi- 
tions, did not substantially alter the results. Can anything be 
said as to the effect of very long or very short periods of load ap- 
plication preceding the torque measurement? Is there any sign 
of the plastic or thixotropic effects observed by S. J. Needs! in 
his investigation of boundary films? In general, irreversible ef- 
fects, such as hysteresis loops accompanying decrease of load, 
might be anticipated. Finally, the fact that the friction coeffi- 
cients are not more widely scattered for tests on such diversified 
substances over so great a pressure range is noteworthy and in- 
vites contemplation. 
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Institute of Technology, Cambridge, Mass. Fellow, A.S.M.E. 
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J. R. Muencer.!! The authors are to be congratulated on 
their study of a very complicated problem and on the presenta- 
tion of their results. It is to be hoped that the work will be con- 
tinued since the writer feels that profitable secondary approaches 
to the problem exist and that additional data similar to that re- 
ported but on other lubricants would be of interest. 

The authors state that results were found to be reproducible 
when generous amounts of the lubricant were applied to the an- 
vils. Can this be illustrated by data obtained with different sets 
of anvils? 

It seems likely that the order of rating the lubricants would be 
different should the analysis, hardness, or finishing of the test 
specimens, or the test temperature be changed. Would the au- 
thors comment on this? 


AurHors’ CLOSURE 


The use of carboloy anvils by Professor Bridgman seems to 
offer several important advantages. It is hoped that it will be 
possible to try this material in some of the future tests. 

The formation of films on the surface of the anvils, as men- 
tioned by Mr. Burwell, was particularly evident in the case of 
molybdenum disulphide. Even if the anvils were thoroughly 
cleaned with various solvents and rather vigorously polished with 
fine paper, the effect of previous testing with molybdenum disul- 
phide could easily be detected. For this reason, a definite 
schedule of refinishing the anvils was employed before testing a 
new material. 

The use of curved surfaces for the mating parts has important 
advantages for various types of tests. Accordingly, flat surfaces 
introduce certain disadvantages. However, the latter were 
chosen for three reasons: (1) they could be used with lubricants 
in the form of liquids, greases, and solids; (2) the surface finish 
could be easily controlled; and (3) the material of the mating 
parts could be readily altered. In order to check the results ob- 
tained on this apparatus against those given by a machine of the 
4-ball type, a special 4-ball machine was constructed. The ma- 
terials mentioned in the paper have been tested on this apparatus. 
It was found that if the loads (400,000 psi) and speeds (31/2 
radians per min) in the two tests were made equal practically 
all the liquid lubricants gave results which did not differ by more 
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than 10 per cent. In the case of solid lubricants the situation 
was different. All of the solids except mica (boron and soap- 
stone were not tested) gave substantially higher friction with the 
4-ball apparatus. This is due to the fact that powders cannot be 
retained between the points of contact and partial or complete 
metal-to-metal contact takes place. Mica gave lower values with 
the 4-ball apparatus. This is because the metal-to-metal friction 
is less (f,, = 0.227 for bare balls, well cleaned) than the friction for 
mica itself. 

Mr. Fuller’s comments on the need for wear measurements in 
connection with solid lubricants are well taken. The present in- 
vestigation was initiated by a desire to reduce wear in various 
punching operations. A number of wear tests have been made 
but the work has not been completed. 

Mr. Gatcombe raises the question as to whether the tests show 
the friction properties of the lubricants alone or include other 
factors. The shape, surface finish, and composition of the anvils 
are certainly involved. The tests should be looked upon as giv- 
ing the friction properties of a group of lubricants under certain 
definite conditions. 

Mr. Gatcombe points out that what appears on the surface as 
a simple test is not so simple if a rigorous analysis be made. It is 
difficult to devise a test which will take account of all the vari- 
ables and will not have certain disadvantages. The present 
method was selected because it appeared to possess more advan- 
tages than disadvantages for the purpose at hand. Certain as- 
sumptions have been made. These in general are the same as 
Bridgman’s and have been thoroughly discussed by him. Unless 
such simplifications are introduced, the problem becomes very 
complex and it is difficult to present the results in a usable form. 

The suggestions by Mr. Hersey are appreciated and an at- 
tempt will be made to incorporate them in future work. Time did 
not permit an investigation of the effect of very long and very 
short periods of loading or of the presence of plastic or thixo- 
tropic effects but it is hoped that these also may be investigated 
in future work. 

Mr. Muenger asks whether the results were reproducible with 
different anvils. With the method of preparing the anvils de- 
scribed, it was possible to reproduce results on different anvils 
with surprising accuracy. That the order of rating would be dif- 
ferent with anvils of different materials and different surface 
finish is quitelikely. Itis hoped that this can be studied in future 
tests. 
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New Method of Calculating Natural Modes 
of Coupled Bending-Torsion Vibration 
of Beams 


By N. O. MYKLESTAD,! PASADENA, CALIF. 


Recently the author developed a new method of calcu- 
lating natural modes of uncoupled bending vibration of 
beams,’ the present paper being an extension of this work 
to take care of coupled bending-torsion vibrations as well. 
This latter problem has lately taken on considerable im- 
portance as a means of interpreting ground-vibration tests 
on airplane wings, which may be considered as a sym- 
metric beam with free ends. The author’s method also 
makes it possible to consider the entire airplane as an 
elastic body both in symmetric and in antisymmetric 
vibration, and to find the effective inertia of an airplane 
propeller in determining the torsional vibration char- 
acteristics of the engine. It may be readily applied to the 
vibration of turbine blades and propellers in general, when 
the centrifugal force is taken into consideration. This 
method possesses the advantage that the computations 
may be performed by inexperienced calculators as only the 
routine completion of a tabular form is required. 


INTRODUCTION 


N the development of the present paper the following assump- 

tions are made: The elastic axis of the beam is a straight 

line, and the principal axes of all cross sections are parallel. 
The beam bends about the minimum axis of moment of inertia of 
each cross section, and the deflection curve is a plane curve. The 
beam itself is assumed weightless and to carry a finite number of 
masses along its length. Each of these masses is distributed 
in a plane perpendicular to the axis of the beam and with its cen- 
ter of gravity located on a horizontal line through the elastic 
axis of the beam but not, in general, on this axis. 

When the mass loading of the beam is distributed along its 
length, it must be redistributed so that it corresponds to the 
type of loading mentioned. The accuracy of the vibration modes 
thus obtained will then depend upon how many planes of con- 
centration are used and also upon the manner in which the mass 
was originally distributed. As a rough rule, it may be said that 
at least twice as many planes of concentration should be used as 
the number of natural modes desired, but the number should not 
be less than 6. 

The method is similar to Holzer’s method for torsional vibra- 
tion in that it is based upon the fact that, for forced vibration 
with finite amplitude, the shaking force becomes zero at any one 
of the natural frequencies. By plotting a quantity equal to the 
amplitude of the shaking force divided by the square of the angu- 
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lar frequency w, as a function of w, a curve is obtained which 
crosses the w axis at the natural angular frequencies. The time 
required for finding a coupled mode is about 10 times that neces- 
sary to find an uncoupled torsional mode by Holzer’s method and 
about 2 to 3 times that required for finding an uncoupled bending 
mode by the author’s method. Although slide-rule accuracy is 
perhaps sufficient to obtain a fair estimate of the fundamental 
mode, it may be necessary to use 8 or more significant figures for 
obtaining the higher modes. However, it will hardly ever be 
necessary to find more than 6 modes in the case of a fixedbeam and 
12 modes in the case of a symmetric free-free beam, such as an 
airplane wing. The latter case will give 6 symmetric and 6 anti- 
symmetric modes corresponding, respectively, to 3 symmetric 
and 3 antisymmetric uncoupled modes for each of the cases of 
bending and torsion. For these calculations 6 significant figures 
will ordinarily be sufficient. 


BEAM WITH ONE END FREE 


GENERAL CASE 


Consider the general case of a beam with one free end; such 
as a cantilever beam, a free-free beam, or an overhanging part of 
a simply supported beam with overhangs. A part of such a 
beam, including the free end, is shown in Fig. 1. The beam is 
considered to be weightless and to carry a series of masses each 
concentrated in a plane perpendicular to the elastic axis of the 
beam. The masses are indicated by the letter m, with appropriate 
subscript, and the moments of inertia of the plane mass about 
the elastic axis is called J, with appropriate subscript (note that 
J is not the moment of inertia of the mass about its center of 
gravity). The horizontal distance from the center of gravity of a 
plane mass to the elastic axis is called s, with appropriate sub- 
script; the distance from a mass plane to a reference cross sec- 
tion of the beam is called x, with appropriate subscript; and the 
length of beam between two consecutive mass planes is called 1, 
with appropriate subscript. All these quantities are shown 
schematically in Fig. 1. 

Fig. 2 shows the nth section of the beam, between stations n 
and (n + 1), with the left end of the section clamped. In Fig. 
2(a), there is a unit force on the right end of the section, and the 
resulting angular and linear deflections at this end are vp, and 
dyn) Tespectively. In Fig. 2(b), there is a unit bending moment 
at the right end of the section giving angular and Jinear deflections 
of Varn and dyn, respectively. In Fig. 2(c), there is a unit torque 
at the right end of the section, and the resulting angle of twist 1s 
Vpn. The quantities vp, dp, Vy, dy, and vz are the elastic coefh- 
cients which must be calculated for each section of the beam. The 
first four of these coefficients are interrelated in such a way that a 
change in one, which can only be brought about by a change in the 
physical make-up of the corresponding section of the beam, will 
necessitate a corresponding change in the other three. It is 
easily seen, for instance, that vp, = dyn, regardless of the shape 
of the bending-stiffness curve. This means that, regardless of the 
accuracy to which the bending stiffness of the beam is known, 
these four coefficients must be calculated with great care. A tabu- 
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Fig. 3 


lar method for doing this is given in the author’s paper on un- 
coupled bending vibration. 

Suppose now that the beam is being shaken either by moving 
its left end up and down with harmonic motion or by applying a 
harmonic shaking force to the beam somewhere to the left of the 
reference cross section shown in Fig. 1; and assume further that 
the strength of this harmonic excitation is always such that, re- 
gardless of its frequency, the vertical deflection of the right end 
of the elastic axisis unity. Inits extreme position the deflection of 
the nth section of the beam will then be as shown in Fig. 3. The 
extreme vertical deflection of each of the various stations of the’ 
beam is indicated by the letter y, with appropriate subscript; 
the corresponding angular deflection is called a, with appropriate 
subscript; the torsional deflection of the cross section about the 
elastic axis is indicated by 6, with appropriate subscript; and 
the positive directions are those shown in Fig. 8. 

With the angular frequency of the forced vibration given as 
w radians per sec, the shear force, bending moment, and torque 
immediately to the left of the mth station of the beam are given 
by the following formulas: 


Sy, = po HO" (Ug 1S. Og) acai ck eter ets {1] 
eal 
n—1 
My = D> mw(ys + 8:0;)(2; — Zp) ..eesceeee [2] 
i=1 
n 
Tn = Dy (NES Ys te S50) Bee ate te es iol .- (3) 
t=1 


Assuming that the amplitudes of the first m stations are known, 
those for station (n + 1) can now be found from Fig. 3 as follows 


Qn41 = On — Vpn Sn— UitnMy Snes .e' ss; a) atare Feutona ts oe [4] 
Ur Lpan+1 = drnSn aa dynMy pie-ai/atle wel [5] 
On41 = a — Urn Te ae) Sie! arele e+, 0 esi «6m eye {6] 


Substituting the values of S, M, and T from Equations [1], [2], 
and [3] into Equations [4], [5], and [6] gives 


n 
Ant = an — wpa), m;(y; + 8;6;) 
t=1 
n—-l 


= ound. m,; (y; + $;0;) (x; == fp) see eeecese {7} 


t=] 
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n 
Yntt = Yn — lyons: — worden), m(ys + s;9;) 
t=1 
n—-1 
ae w*dun>, mY; + 8;0;) (&; = a) adrenemeis = s) e)e (8] 
7=1 
n 
On+1 = Op — ovrn>, (M8;Y; ar J;0;) SSO. Soe Ged [9] 
“4 t=1 


At the free end of the beam the following values are assumed 


OY Se Pig. 0.94 oie tconey el mle, ©isie is: ets. 0.sle 4.4 iets [10] 
Oh = 1 enc a pinto g SOR ec OSI oR ORaCTEN {11] 
6; 3 y wie. leKujlsipsl'w) elel apie! sim in isles! 6/3) 9/0) 6. ois 1s [12] 


where ¢ and y are arbitrary values for the angular and torsional 
deflections, respectively. Because of the linear character of the 
problem one may further write 


CPi paK om ii Ne ees hie Baa RES Bose ae [13] 
Yn = — Gon 1 Ota UAV eee iat [14] 
Og = Tigne =a on Ee ts A 2 eee [15] 


where fo, f, fo, Ger 9) Jv» he, h, and hy are coefficients which are 
independent of the angles y and y. They will be called the 
“amplitudes coefficients,”’ and their values for the first section of 
the beam are determined from Equations [10], [11], and [12] 
to be 


feo = 1 fi =0 Apes 1OL Peels [16] 
en =) g=1 (Hie Uns ahybeneooes [17] 
how = 0 hy = 0 Wipe lee re nalts ick [18] 


Substituting the values of a, y, and 6 from Equations [13], [14], 
and [15] into Equations |7], [8], and [9] yields the following 
three equations 
fone iia — funy = Sone ifs — fin 

n 


=P wen DM [gee + 9: + guid + 8; (hee 


pe OEE [19] 
—h, + byw) 1 — a gee + 95 + god 
+ 8; (hese — hs + hy) (@; — tn) 
—gons1 + gnti + Qynti¥ = —Gone + Gn + Gin 
— In Fonsi ¢ — fr4i — fniv) — denon lI—9eiv 
Ly eee er eee .. [20] 
ia saan gee + 9: + oid + 8:(heve 
3 — hy + hy) (a — tp) 


honti¢ — natiet= Rynsi jo hen Ci hn ie hinw¥ 
n 
= wen > lms; (—geie + 9: + ot) + Jilheig 


i=1 
: —hy thy)... sc... [21] 


Equations [19], [20], and [21] are all of the form ag + b+ ey = 
0. As gand ware arbitrary each of these equations must be satis- 
fied regardless of their values; but this can only happen when a 


= 0, b = 0, and c = 0 for each of the three equations. The nine 
equations thus obtained are 
n 
Sensi = fon + wn), (Goi — she;) 
j=1 
i n—-1 
+ 0% 2 (Goi — Sshys) (Bi — Tp)... [22] 
t=1 
n 
Inst = In + w pn D4 (9; — 8h) 
t=1 
n—1 
+ wn >; (9; — 8h) (4; — Zp)... cece eee [23] 
t=1 
n 
fun = fbn + wen mov: + shy) 
t=1 
n-1 
+ wn dm (QV + Sis) (G5 — tp). oo eve ees [24] 
t=1 
n 
Jen+1 = Jen + In font — wdpn > M (Gos — syhy;) 
n—1 pe 
_ wd un >; (Gos aSs hos) (ip — pete es (25] 
t=1 
n 
Gnt1 = Gn + lnfnri — w%dpn m4 (9; — 8;h;) 
i=1 
a! 
— w*dun > _m;(g; — 8;h;)(a;—2p)......--- [26] 
t=1 
n 
Gent = Gon + Inflnti — w*dpn > M; (Q¥s + S;hy;) 
t=0 if 
n—-1 
— w*dan > m;(gy; + szhy;)(@; — Bp)... eee. [27] 
i=l 
n 
henst = hon + on) (m8:9e; — Jihy;)....... [28] 
t=1 
n 
hinat = Rg orn >, (,8:9; — Tjhy)......0-- [29] 
t=1 
n 
hinvt = hin — #072 > (Mi8:9 4; ar GHG bop sees [30] 
i=1 
Now put 
n 
Di lmnjw%ge5 — m,sw*he,] = Gon... ss... [31] 
t=1 
n 
ay [m;w?g; — m,8;w2h;] = Gy.......... [82] 
t=1 
n 
SS lmyw'gn;s + mjsyo*hy;] = Gyn. oe. ceee [33] 
t=1 ¥ 
n 
> [js,0°ge; — Jyw*he;] = Hon. ........ [34] 
t=1 
n 
SS [ms0°g; — Joh] = Hye... eee. [35] 
t=1 
n 
Dos [m,8;w gy; ar J why; | = Ayn Shee que [36] 


t=1 
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Also 


tL; — lp = 


where 1; is the length of the jth section and, calling the bracketed 
expression in Equation [32] A,, the last summations in Equations 
[23] and [26] may be written as 


n—1 n-1 


BEDS i; | Tas 


t=] 7=9 
Al EU sh Ane eee 
ate eee WAN ME Ronee k, Shy Aten =) 
en Ageia eee Ane) 


n—1 a nm—1 


= a D3 A; | = 1G: 1G 


+= 1 jo! t=1 


.. [38] 


The other summations may be obtained by simply adding the 
subscripts ¢ and y to the quantities A;, G;, and G’, ; thus 


n—1 
Gon Sg Gort tae ents Sane [39] 
i= 
n—1 
Gc Ge aps iE oe [40] 
i= 
n—1 
Ci SLY; nore oe a ee {41 ] 
t1=1 


and Equations [22] to [30] may now be written as 


Font: = fon + UpnGen + UmnG'on......++- [42] 

Fra = In 4. tenGn + UunG'n. 6.0.02. [43] 

Sint = fbn + UrnGbn + VunG' pn... 210-0. [44] 
Jent: = Jen + lnfont: — ApnGen — AunG'enr..-. [45 ] 
Gnti = Gn + lnfnti — denGn — dynG'n.:..... [46] 
Gontr = On + Infenti — dpnGin — AunG'in-.... [47] 
hone len aa rn enna eee [48] 

hee Dict ELA oe Sak ee [49] 


Lik Sele Opn Ly nae eee 


By means of Equations [42] to [50], it is now possible to start 
at the free end of the beam, with the initial values of the ampli- 
tudes coefficients given by Equations [16] to [18], and proceed 
toward the fixed end in the case of a cantilever beam; toward the 
first support in the case of an overhanging beam; and toward 
the middle in the case of a symmetric free-free beam. The bound- 
ary conditions at these places will determine the values of ¢ and 
y and the entire deflection curve for this part of the beam will 
then be obtained from Equations [13] to [15]. A tabular method 
of finding the amplitudes coefficients will be given later in an il- 
lustrative example. 


DETERMINATION OF THE NatTuRAL Mopns FoR SYMMETRIC FREE- 
FREE BEAM 


Consider the case of symmetric vibration. As shown in Fig. 
4, the beam is assumed to be shaken up and down by a har- 
monic shaking force 2F cos wf acting at the point of intersection of 
the elastic axis with the middle cross section of the beam. After 
the amplitudes coefficients have been determined for one half the 
beam, by the method just described, the values of v and y can be 
determined as follows: 


JANUARY, 1945 


2Fvos wt 


Le 


Fie. 4 


At the middle of the symmetric beam, which will be called the 
base of the semibeam, the slope a, is obviously zero. Also, the 
torque 7’, must be zero on account of symmetry. Equation [13] 
immediately gives 


CHF IPI.) el i Vers go ecocn eon. [51] 


Equation [3], in connection with Equations [13] to [15], gives 
T, = Dilms(—goe + 9 + gw) + I(hoy —h + hyy)] = 0.. [52] 


where the summation is to be taken for the entire semibeam in- 
cluding one half of any mass that may be concentrated at the 
plane of symmetry of the beam. 

Equation [52] may be written as 


— Limsge — Jhe)e + Yo(msg — Sh) 
+ Do (msgy + Jhy)y = 0 


which, by means of Equations [34] to [36], may be written in the 
form 


T, = —Hpe + A, + Hy =0........... [53] 
Solving Equations [51] and [53] for ¢ and y gives 


F SoHys — fury 
aa mr Fae REE C iGe [54] 
fol, — fro, 


_ Stes — Sorts 3 
LRT a ee, 


By means of Equations [14] and [15], it is now possible to find 
all the linear deflections y and all the torsional deflections 6 for 
the semibeam. Substituting these values into Equation [1], for 
the shear force, and extending the summation over the entire 
semibeam, the shear S, is obtained. This must obviously be 
equal to F or one half the amplitude of the harmonic shaking 
force. Whenever F, or S,, is equal to zero there will be a natural 
frequency. 

The value of S, may be obtained from Equations [1], [14], 
[15], [81], [82], and [33] as 


S, => —Go,¢ +. G, Ss Gy BE ACRE nc es (56 | 


v 


which makes it unnecessary to find the deflections y and @ except 
when they are desired for other reasons or as a check on the caleu- 
lations. 

By dividing S, by w? a function of w is obtained which is more 
convenient to plot than S, itself. The criterion for a natural 
frequency then becomes 


1 
= [Gere + G + Gut] = do (my + ms) = 0.... [57] 
where the summation is to be extended over the entire semi- 
: 1 
beam. By plotting the value of ~ |-Gore + G, + Grp), asa 
Ww 


function of w, a curve such as that of Fig. 6(a) is obtained. Every 
time this curve crosses the w axis there will be a natural frequency. 
The values of y and @ corresponding to a natural frequency will 
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Fie. 5 


. give the relative amplitudes curves and any natural mode of 
symmetric vibration can thus be obtained. 

Next consider the case of antisymmetic vibration. As shown 
in Fig. 5, the beam.is now considered to be shaken by a harmonic 
shaking moment 2M cos wt acting in a vertical plane through the 
elastic axis and about the axis of minimum moment of inertia 
of the middle cross section of the beam. The values of ¢ and y 
can now be determined as follows: 

At the base of the semibeam, for which the amplitudes coef- 
ficients have already been determined, the linear deflection y, 
is obviously zero. Also, due to the antisymmetry, the torsional 
deflection 6, must be zero. The values of ¢ and w are then ob- 
tained from the two equations 


ERI (Pale = Tia Pa oe bd boeoe et [58] 
eae (Nasal hee oa ceux rela [59] 
Solving Equations [58] and [59] gives 


ir John + Qrohs 
Jolt, + Iroher 


_ _Gevh» — goher 
Jol, + gyrhor 


From Equations [14] and [15] the values of y and @ are found for 
the entire semibeam. Substituting these into Equation [2], and 
summing over the entire semibeam, the bending moment M, 
is found. Owing to the antisymmetry, this must equal M, or 
one half the amplitude of the shaking moment. Whenever M, 
or M,, is equal to zero there will be a natural frequency. 

The value of M, may be obtained from Equations [2], [14], 
[15], [81] to [83], and [87] to [41] as 


M, = —G'oe + Gyo + Glyy........ee. [62] 


which quantity can be obtained without finding the deflections y 
and 6. Ata natural frequency, however, these deflections would 
usually be required anyway and may then be used as a check on 
the calculations. 

Dividing M, by w?, for simplicity, the criterion for a natural 
frequency now becomes 


1 
3 |Cage + Gy + Gy) = S(may + mxsd) = 0 .. [63] 


where the summation is to be extended over the entire semibeam, 
and z is measured from the middle cross section of the symmetric 


1 
beam. By plotting the value of —[—G’mye + G+ Gp), asa 
Ww 


function of w, a curve such as that of Fig. 6(6) is obtained, giving 
a natural frequency for each point of intersection with the w 
axis. Each one of these natural frequencies will give a corre- 
sponding relative amplitudes curve for both y and 6, and any 
natural mode of antisymmetric vibration can thus be obtained. 


UNSYMMETRIC FREE-FREE BEAM 


For this case the base will be taken at the left end, and the 
beam will be shaken by a shaking moment M, cos wt at this end. 


The boundary conditions are now that at the left end the shear 
force S, and the torque 7, must both be zero. Equations [53] 
and [56] then give 

Hee — Hyy = Hy, 
Gore — Gry = G, 


Solving these two equations for ¢ and y yields 


eet G.Hy, — GyHy 
Ci Gy He 


G.Ho, — Go,H 
ee [65] 
GorHy, — GyHer 


The amplitude of the shaking moment is equal to M, and is 
immediately found from Equation [62]. Every time M, be- 
comes zero, there will be a natural frequency and, if the quantity 


1 
— |-G'ese + G’, + G’y,¥] is plotted as a function of w, a curve 
@ 


similar to those of Fig. 6 is obtained. 
The deflections y and 6 are easily obtained from Equations |14] 
and [15] 


Fic. 6 


CANTILEVER BRAM 


For this case, the base is taken at the clamped end and the 
clamping moment is replaced by the shaking moment M cos ot. 

The boundary conditions are now that the deflection y, and 
the angle of twist 4, are both zero, which is seen to be identical 
with the case of antisymmetric vibration of a symmetric free-free 
beam. The values of ¢ and y are then obtained from Equations 
[60] and [61]. The deflections a,y, and 6 are obtained from Equa- 
tions [13], [14], and [15]; and everytime y, = 0, there will be a 
natural frequency. 


SimpLy SuprporTeD BEAM 


The cases of a simply supported beam with or without over- 
hangs, and a beam on several supports can be treated in a simi- 
lar manner to a beam with one end free. These cases, however, 
are not as important as the ones just treated, and in order to 
save space, they are not included in this paper. 


EXAMPLES 


1 Find the amplitudes coefficients for an airplane wing with 
the elastic coefficients, masses, inertias, eccentricities, and lengths 
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TABLE 1 TABLE 2 
fV,* /0° lg P, 
e 
ey 4 meee y Amn * 10 Carle (2) ciprie 
/ (oo | 270.905 | 457788 | o./0l2/ | a2 
2 /00 | 65./72/ LIS 3BIY 0.0302234| 0.05 
3 /00 / 6.3720 .273,834| 000700547! 0.0/ 
[4 | 700 8.Y8037 MTT 0.00291554| 0.0! 
5 | 7.65 2.23590 | 0.076Y359| 0.00/33964 | 0.005" 
é 150 13,6230 | 0./333/7 | 0.00/86¥53| 0005 
TABLE 3 
(oe 50 | cu 0-6 « 0.002500 
am Ww mn 4 ww? Var 
as 70° yoo 70° 
|/ |O0d00as [ 0. 00125" 
ZINN OC IPS 0.0125 
3 0.0125 
if ~0: 025 
5 Oued 
—/.125 
0.3125 
TABLE 4 
ce / 2 3 2 
$e2L(6) + (1) Aoy= (2)*74(5) | Se ee (Ze (1) ¢ The sea Fenn = fen 
pn |74e(8)- an (4) p2e ial oe +e (3) +4, (A) 
for n-! for n-/ oe: (el) oe sx (2) Ga? 
/ O O ra) 
2 100 O 0. 12%,00 
3 hie Se GET OOo oa 0.638 bo! Suet Ol 
AP P33 A0lS San LOW OGT Fat O Tae a OOno) vat Siaioneaagy Cle eet Gees 
FSAI CTT el ieee so. od as oe 49.360 | 519303 
Cir G HO. SSsalaa Sarl sor Goa as Ros lao 
(base NOS4S: 21 |G. 62.8 4 | 9A 1 ots aed le wien 
CO 
F2Llo)+) | Bz (2)+rz(5) |S -S[P# 1) |G'-5_ (3) Mme? 1) | Fins On 
ny \-de(3)- an (4) Loin /o* Ms Nae +e (3) +g (4) 
for n-l for h-/ eae #120 
0.00025 0.00/25 | 0. eee 


L27548 
1. 7668HY 


0.00I54902 | 0.048 0.01452 


6.00472577 | 0.119702 | 0.028864 hee a 


0496 74S | 0-05 2H7F |-F 10632 | 00/468 62 


120316 1976/9973 | 0.301895 |0.027P019 


base | 12:4 666 (), 


268/10 |/4.6430 | 455340 |0.0908S70 
1.05799 |S4.86U [84.5957 


ae / 2 Pi é 
4 =L(6)+ (1) = (2)-a% (5 ue 3 Ae Sf rons = Pen 
Sy: 4 (2) ( )| Se 70° Lie “ /0¢ 2 /0° (i) Clee oe 
for H-/ Sula (2)) : or (2)] C4120 
/ 0. 00/25 0: 0625" 0. 00D, 7RI3T 
0.208.604 | 0.98750 | 0.0/38545| 0-125 0.6822 95 | 0.0249334 
0. 953385" | 0.029 7 |0.043,7083 
O.73YIS7T loos 224 22.0572. 10.0002N257 
0.7/3 925 | 0. ciatone ab oF te | 33.0/57 |dos28308 
O.S5YP3 46 |OY33HIS | 4/3449 [53.6348 |6.19770/ 


0.260672 


698: 263 


T027?07T |106397 
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TABLE 5 


(2) Symmetric os 50 


4) Antisymmmetric 


= fotlve~ frre hy= 19,3189 «70° 
A= fog Hyg ea hae 14, $86.34 2/0° 


6 
co fhe fale 318308 -0 


=F het, Ayyg= 387154 
4 Gg Liy + Ig Fg Jfedger pipes 


C= FpgAe- Hp Fags * 35231 


= 0 005,32 830 


es 
4 
Y= GE o002 31071 
4 
ta 


| OseAyy 
tor Py Bae Oy re hye 


/ Pe 0100 23129 
OSO7 3725 We 10.00 203400} 
ONES TT Z 0.0015P 235 | 

4 
cal 


0. 00934004 |. 0.00 144938 

0.0605 3588 || £ |0.00/0/243 
0.07438 9,6 6 |0-d00 812413 
0.0546 T/3 | base [0.00000 9/7930 


Limy+ 2462-3 11384 


te (Gg PG Guy t) 2 3405 


given in Tables 1 and 2, when w» = 50 radians per sec, and the tip 
deflection is 1 in. 


Solution: The numerical calculations for this case are per- 
formed in Tables 3 and 4. 


Y = A = 0,005307)3 
4 


Y¥ = TS _ 0.00185 361 
& 


0-00 | 853,61 
[0511394 loco 1x Fo4y 
0.186471 10. OO NIY3IY 


0: 0/40 156 0.00101 808 
0. 05797302 


0.05978 083 


a oa 0435,9/7 


700 


/ F ; . 
Jo0w* Cbpe ft oS, +Cye Y)= 0.437208 


ag 
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2 Find the amplitudes curve and the shaking force divided 
by w? for both symmetric and antisymmetric vibration of the 


wing of example 1. 


Solution: The numerical computations for this case are per- 


formed in Table 5. 


